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In this paper, three categories of Janus angle absorption structures for terahertz (THz) waves are realized by
operating the edge hopping property of the photonic band gaps (PBGs) and the wide-angle absorption of gra-
phene heterostructure. The left and right edges of the angle window are determined by the PBGs generated by
photonic crystals 1 (PC;) and photonic crystals 2 (PCy), respectively. The appropriate combination of the two can
obtain a transmission angle window (TAW), and the edges can be independently manipulated, which makes it
possible to construct arbitrary angle filtering structures, making up for the shortage of rigid angle windows in
traditional research. Graphene material has absorption potential, and when it is introduced into ternary photonic
crystals 3 (PC3), high absorption at large angles will occur. The combination of PC3 and TAW will produce an
absorption angle window (AAW) by using the energy cascade transmission features of photonic crystals (PCs).
Contributing to the strong absorption properties, the energy transfer on both sides of PCs is isolated. Conse-
quently, the Janus angle absorption phenomenon will be remarkable by mirroring the PCs structures with
different TAWSs on both sides of PC3. Through the unique parameter design, the three relationships between the

forward AAW and the backward one are investigated, that is inclusion, partial coincidence, and incoherence.

1. Introduction

The terahertz (THz) band is located between the microwave and
infrared bands, and the frequency range refers to 0.1 ~ 10 THz [1,2]. In
recent years, with the development of THz source technology, the
spectrum in this region has attracted a large number of researchers [3-5]
in the fields of optical imaging, biological detection, optical communi-
cation, and perfect absorption, by its high security, strong penetrability,
spectral resolution characteristics, and other advantages. For the sake of
further filling the gap of THz, it is necessary to explore relevant devices
and manipulation means from different levels, such as Janus trans-
mission and polarization selection, which are critical technologies in
optical communication. Janus is the Roman god of beginnings, who has
two faces and looks into the past and the future [6]. Inspired by this,
scientists named the two-sided particles Janus particles, which have
different materials on opposite sides [7].

Recently, a similar Janus function has been extended to superstruc-
tures formed from artificially filled media. By destroying the symmetry

* Corresponding author.
E-mail address: hanlor@njupt.edu.cn (H.-f. Zhang).

https://doi.org/10.1016/j.jestch.2023.101549

of the structure, the regulation of different electromagnetic wave
propagation directions is formed, which is the physical property and
function that the natural structure does not have, and provides new
freedom for the regulation of electromagnetic devices [8]. Janus optics
selectively allow light to pass in one direction while absolutely shielding
it in the opposite direction. Due to its unique optical charm, it has
important application potential in compact optical components, from
optical communication [9], isolators [10], sensing systems [11], signal
processing [12], directed radiation [13], and other fields.

As a universal THz material, grapheme [14-16] is a two-dimensional
honeycomb structure, whose thickness is equivalent to a single layer of
carbon atoms. Benefiting from its unique optical, mechanical, and
electronic properties, it has significant impacts on saturated absorption
[17], optical detection [18], optical filtering [19], and other fields
[20,21]. In the THz band, graphene material are provided with rich
potential in improving the attenuation rate of radiation sources near its
surface and designing Janus wide-angle absorbers, which have been
greatly emphasized.
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In the process of optical development, the selectivity of frequency,
angle, or polarization plays a fundamental and important role. The
control of electromagnetic waves through these separate properties is of
paramount significance to the research of electromagnetics. Relying on
the massive exploration of predecessors, theoretical research and
experimental verifications of frequency and polarization have been
common, and the technologies are increasingly mature. Unfortunately,
the regulation of propagation direction has perpetually been a scientific
challenge, and the signs of progress remain relatively tardiness. Never-
theless, the operation of the angle domain has advantages that cannot be
ignored for signal selection [22], energy acquisition [23], laser light
source regulation [24], and image processing. Consequently, it is urgent
to promote the exploration of related technologies.

Photonic crystals (PCs) [25-28] provide the possibility of manipu-
lating dispersion patterns and have the potential for large-scale
manufacturing. Fabry-Perot cavity [29,30] gets rid of polarization
dependence, but due to its resonance particularities, it can only produce
an angle selection at a single frequency point. The narrow band angle
window can be generated based on Brewster angle mode [31,32], but
this mode greatly depends on the TM polarization, not TE polarization.
Theoretically, the polarization-independent angle selection structure is
more representative in practical applications. The photonic band gaps
(PBGs) [33,34] features are also possible for the generation of an angle
window independent of the polarization, however, its angle selection
stubbornly starts from 0 degrees and lacks tunability. In 2014, Shen et al.
[35] proposed to use the Brewster angle principle of stack structure to
design a transmission angle window (TAW) for the TM wave, where the
medium permeability is not 1, increasing the difficulty of actual
manufacturing. In 2016, lizuka et al. [36] overcame the dilemma of
polarization by using PBG and created a TAW with a starting angle of
0 degrees. Two years later [37], they verified it through experiments,
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and the simulation results were quite consistent with the measured data.
In 2018 [38], Qu et al. improved the Brewster structure model by
introducing a half-wave plate to achieve a polarization-independent
TAW. Nevertheless, due to the existence of the stack structure, the
resonance properties of the structure are difficult to offset, resulting in
conspicuous room for improving the angle selectivity. In 2021 [39],
Wan et al. presented the nonreciprocal polarization separation absorp-
tion angle window (AAW) based on the asymmetric arrangement. On the
premise of maintaining high absorption and a strong rectangular coef-
ficient, the quasi-periodic method is employed to broaden the frequency
band, but its angle window still lacks tunability. Although predecessors
have made indelible contributions to the investigations of angle tech-
nology, as far as we know, no systematic and marginal independent
Janus angle structures have been reported.

In this paper, PBGs that generate energy transitions at different
incident angles are constructed and spliced to form a TAW with inde-
pendently controllable angle edges. Combined with the wide-angle ab-
sorption features of graphene heterostructure, and the TAWs with
different angle ranges are mirrored on both sides of the absorption
structure, the Janus AAW can be formed. Through ingenious parameter
design, three states of the forward and backward incident windows
appear, that is, inclusion relation, partial coincidence relation, and
incoherence relation. We hope that the proposed design is meaningful
for improving the investigation of THz technologies and angle selection
structures.

2. Modeling and design

The proposed angle selection structure is described in Fig. 1. The left
edge of the angle window is controlled by PCs 1 (PC;), the right edge is
operated by PCs 2 (PCy), and the strong absorption is generated by PCs 3
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Fig. 1. The proposed angle selection structure diagram. The forward incident wave propagates in the direction of + z and the backward incident wave along the
direction of -z. The angle between the wave vector k and the + z axis is the incident angle 6. The sequence of PC; is (B’C)%(BA)**(CB*). The sequence of PC, is
E’(DE)°D(ED’)?°(ED)’E’. The sequence of PCj is (FH(GS)*?)*°. Where, dielectrics B, D and F have the same refractive index, and dielectrics A and H possess the same

refractive index.
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(PC3). The combination of PC; and PC, induces the TAW, while the
arrangement of PCy, PCy, and PCs3 excites the AAW. PC; consists of di-
electrics A, B and C, and its sequence is (B’C)Z(BA)45(CB’)Z, where
(BA)® is the host structure and the others are anti-reflection structures.
Dielectric B and dielectric B’ are the same material, but their thicknesses
are different. PCy is composed of dielectrics D and E, and its arrangement
belongs to E’(DE)°D(ED’)?°(ED)°E’, in which, (ED*)?° is the host struc-
ture and the structures on both sides are anti-reflection structures.
Similarly, D and D’ are the same medium, so are E and E’, but they have
different thicknesses. The host structure is used to generate the angle
selection phenomenon, while the anti-reflection structure is responsible
for suppressing the reflection resonance in the angle window, which has
been studied in detail in our previous work [39]. PCs is a ternary PCs
structure made up of media F, H, G, and S and its distribution is (FH
(GS)*%)30, u indicates the externally controllable chemical potential of
the graphene structure by modulating the external voltage. The feeding
mode of a graphene structure is indicated in Fig. 1. The entire structure
is placed on a silicon dioxide substrate, the gold electrodes at the top and
bottom of the structure are in direct contact with the graphene structure,
and a forward gate bias is applied to the gold electrode at the top. A
negative voltage is connected to the gold electrode at the bottom.
Therefore, applying direct-current bias voltage can effectively regulate
the chemical potential [15].

Among them, the refractive indexes of the dielectrics A, B, C, D, E, F,
Hand S arena = 3.3, ng =1.45, nc = 2.15, np = 1.45, ng = 2.3, np = 1.45,
ny = 3.3, and ng = 3.33 respectively, and the thicknesses are in turn da
=42.24 pm, dg = 30.65 pm, dc = 1.8 pm, d’g = 27.56 pm, dp = 15.9 pm,
d’p =15 pm, dg = 36.5 pm, d’g = 18.25 pm, dg = 4 pm, dy = 1 pm, dg =
85 nm. For the convenience of expression, only the refractive index of
the medium is given here, which is a common expression in PCs research
[35,38,39]. Of course, these media can be found in nature or synthesized
artificially, but the design of materials is not the focus of this paper.
Therefore, the specific details of materials are not studied in depth in
this paper. G refers to the graphene material. The conductivity of the
graphene can be calculated by the Kubo equation: [40]
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where 62" and 627" are the inter-band and intra-band conductivities of
graphene, respectively [40].
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where e is the electron charge, kB is the Boltzmann constant, T = 300 K is
the temperature, 7 = 0.5 ps is the relaxation time, and y = 0.01 ev is the
chemical potential. If the electronic band structure of the graphene layer
is not affected by external influences, then its dielectric function can be
written as:

e = 1 +iog/wepds 4

Among them, dg = 0.34 nm signifies the thickness of the graphene
layer.

The connection between different media layers is achieved through
the transfer matrix method as follows [28,41-44],

My Mp
M = S
[Mn Mzz} )

The film matrix of each layer can be determined by the following
forms,

i —jp;'sing;
M, = .cos. Jjp; sin ©
—jp;sind; cosd;
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Among them,5; = (27/4)n;d;cos6;, where A = 2rnc/w, ¢ = 3 x 108 m/
S,Di=\/ €0/ Honicost;(TE wave), or pi_+/€o/uoni/cosd;(TM wave). 6; is the
propagation angle of an electromagnetic wave in layer i. yg = 41 x 10
7H/m is the permeability of vacuum. ey = 8. 854187817 x 107'2F/m is
the dielectric constant of the vacuum. f = 3.26 THz indicates the fre-
quency. In the propagation direction, the magnetic field component fails
to exist in the TM wave, and the electric field component is not owned by
the TE wave.

The reflection coefficient r and transmission coefficient t can be
described by the following formulas [40]:

|(My1 + Miapo)po — (May + Mapo)

— @)
} My + Mopo)po + (May + Maypy)
| 2po
— (8)
|(M1| + Mi>po)po + (M2 + Mxpo)
As a result, reflectivity R and transmittance T are presented as:
R=r
9
T = |2 €)]
The absorptivity A can be expressed as:
A=1—f = 10)

3. Results and discussion

In Fig. 2, the PBGs properties are excerpted to explain the angle se-
lection phenomenon more evidently. First, the amplitude at 0 degrees
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Fig. 2. The spectra of T, R, and A of a) PC;, and b) PC, under the case of
0 degrees. The frequency domain energy jump of the left edge controlled by PC;
near the critical angle c) of the TM wave incidence and d) of the TE wave
incidence. The frequency domain energy jump of the left edge controlled by PC,
near the critical angle e) of the TM wave incidence and f) of the TE
wave incidence.
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incidence is analyzed. Since the TE and TM waves exhibit the same
electromagnetic response characteristics at 0 degrees, only the TM wave
is shown in Fig. 2a and b. In Fig. 2a, for PC;, PBG occurs in the fre-
quency range 3.248 ~ 3.292 THz. Within PBG, the reflectivity is higher
than 0.9, the transmittance is lower than 0.1, and the absorptivity tends
to 0. In Fig. 2b, for PCy, PBG appears in the range of 2.585 ~ 3.025 THz.
Similarly, the phenomena of high reflection and low transmission are
satisfied in PBG, while the absorption is also close to 0. With the increase
of angle, PBG will generate a frequency shift, and the rectangular
character of PBG will also be maintained during the movement, which is
conducive to the formation of the TAW. In Fig. 2¢, in the case of the TM
wave incidence, for the left edge of the angle window controlled by PC;,
during the transition of the incidence angle from 10 degrees to 20 de-
grees, the left edge of the PBG is blue-shifted, and the state at 3.26 THz
jumps from total reflection to transmission. In Fig. 2d, for the TE wave,
the left edge generated by PC; will have a similar phenomenon. In
Fig. 2e, the right edge of the angle window determined by PC, will also
blue shift during the transition of the incident angle from 50 degrees to
60 degrees, and the electromagnetic wave energy is faced with the
transition from high transmission to strong reflection at 3.26 THz. In
Fig. 2f, if the polarization wave changes from the TM wave to the TE
wave, the hurricane of amplitude state will occur in the region of 40 ~
50 degrees.

To more clearly demonstrate the propagation of electromagnetic
wave energy near the PBG edges, the electric field energy distribution
circumstances of f = 3.26 THz are provided. In Fig. 3a, for the TE wave
edge, when 0 is 10 degrees, the electric field is only displayed near the
incident port, suggesting that the electromagnetic wave resonates with
the structure only near the port, and then is completely reflected and
fails to pass through the structure. However, at the incidence of 20
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degrees, the entire structure presents extremely high electric field en-
ergy distribution, which means that electromagnetic waves can pass
through the structure smoothly. In Fig. 3b, for the TM wave, if the
incident angle is 10 degrees, the electric field energy only exists near the
port and is not fully reflected through the structure. When the incident
angle is 20 degrees, the whole structure is full of energy, which repre-
sents the smooth passage of electromagnetic energy, resulting in a
transmission phenomenon. Through the analysis of the left edge, it is not
difficult to find that the energy distribution of the two edge states is
consistent with the frequency domain shown in Fig. 3a and b. In Fig. 3¢
and d, as to the right edge, the electric field energy distribution is
similar to that of the left one, so details will not be elaborated.

In Fig. 4a, under the case of the TM wave, when PC; acts alone, the
energy is completely reflected in the range of incidence angle less than
10 degrees. In the range of 10 ~ 20 degrees, the energy has a transition
from strong reflection to high transmission. The selectivity near the
critical angle is significant, and the transmissivity is higher than 0.85. If
only PC; is working, the energy starts to reveal a transmission state from
0 degrees to a total reflection phenomenon in the area of 50 ~ 60 de-
grees. While maintaining a good angle selectivity, the transmissivity
near the critical angle is also higher than 0.85. Naturally, it is assumed
that the combination of PC; and PC, will create a TAW with double
edges by virtue of the energy transfer characteristics of the PCs. As
exhibited by the green ball in the figure, the composite structure forms
an angle window with transmissivity higher than 0.85 in the range of
15.7 ~ 54.4 degrees, and the left and right edges are independently
controlled by PC; and PC; respectively. Similarly, in Fig. 4b, when the
TE wave is incident, PC; produces reflection — transmission state
change in the range of 10 ~ 20 degrees, while PC, promotes the tran-
sition of transmission — reflection phenomenon in the range of 40 ~ 50

Left edge

TE wave E (V/m)
V/m
le+06
9. 09e+05
8. 132+05
7. 278+05
6. 36e+05
5. 450+05
4. 552+05
3. 642+05
2. 73e+05
1. 826+05
90509
0

10 degrees

= ]

20 degrees o

%\\I\II\INNWM

Right edge
TE wave

50 degrees "

Sl

(@)

E (V/m)

V/m
le+06
9. 09e+05
8. 18e+05
7. 27e+05
6. 36e+05
5. 45e+05
4, 552405
3. 642405
2. 73e+05
1. 82e+05
50909
0

40 degrees

Fig. 3. f = 3.26 THz, for the left edge, a) the energy states of the TM wave at different incident angles, and b) the energy states of the TE wave at different incident
angles. For the right edge, c) the energy states of the TM wave at different incident angles, and d) the energy states of the TE wave at different incident angles. The
black arrow indicates the angle of the electromagnetic wave from the air to the host structure.
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Fig. 4. The angle selection under the sole action of PC; or PC, and the TAW after the combination of both a) under the TM wave and b) under the TE wave.

degrees, and the transmission amplitudes at the critical angle exceed
0.85. The TAW with 15.9 ~ 44.2 degrees appears after the combination
of two PCs. The double edges still maintain productive selectivity and
the entire window shows fruitful filtering performance. At the same
time, significant polarization separation occurs between the two polar-
ization waves at large angles, with separation angles of 44.2 ~ 54.4
degrees.

As analyzed in Fig. 4, the left and right edges of the TAW are
controlled by PC; and PC; respectively, meaning that the two sides can
be adjusted independently, which is critical for the angle filters. In
Fig. 5a, if the refractive index of the position where dielectric B is
located is adjusted, and ng rises from 1.42 to 1.48, the left edge moves
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from 11.5 degrees to 19.5 degrees, while the right edge fails to produce
any offset. When the TM wave is still the incident wave, in Fig. 5b, if np
is modulated and the refractive index is manipulated to the same range,
only the right edge tends to increase from 51.3 degrees to 57.6 degrees.
For the TE wave, similar manipulation results are also apparent. In
Fig. 5¢, provided that ng changes, the range of the left edge is 11.6 ~
19.8 degrees, while in Fig. 5d, np operates the right edge from 41.8
degrees to 46.8 degrees. Remarkably, no matter what the polarization
wave is, the control of the edge of the TAW is independent of each other.
This phenomenon benefits from the tunable properties of PBG. The
adjustment of the refractive index of the dielectric obviously alters the
position of PBG, thus affecting the critical jump position in the angle
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|
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Fig. 5. In the case of the TM wave incidence, a) the regulation of ng on the left edge, and b) the regulation of np on the right edge. In the case of the TE wave
incidence, c) the regulation of ng on the left edge, and d) the regulation of np on the right edge.
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domain, resulting in the movement of the TAW.

In Fig. 6, the absorption properties of graphene structures are dis-
cussed. In Fig. 6a, for the TM wave, the absorption efficiency is very low
when the unit structure consists of only a single layer of graphene G and
a single layer of dielectric S. But if the number of periods is increased to
50, then the absorption rate can be increased to 0.3. If the (GS)50 is
periodically arranged with other media, the absorption will be further
improved to more than 0.9. In Fig. 6b, for the frequency of 3.26 THz,
there is also a wide-angle absorption characteristic, achieving an ab-
sorption higher than 0.9 in the range of 0 ~ 70 degrees. In Fig. 6¢ and d,
a similar phenomenon occurs for the TE wave.

In Fig. 7a and b, no matter whether for the TM wave or the TE wave,
the absorption intensity presents a law of first increasing and then
decreasing with the rise of 7, and the absorptivity is the highest when 7
= 0.5 ps. In Fig. 7c and d, for both polarized waves, the absorption
intensity gradually attenuates with the augmentation of u, and the
higher the value of y, the faster the absorptivity falls down.

According to Fig. 5, the combination of PC; and PCy shapes a TAW
with double edges. If PC3 is added, an AAW will be formed, and due to
the strong absorption of PCg, the energy on both sides is difficult to
interfere with. Provided that the original PC; and PC; are placed on the
other side of PC3 in a mirror arrangement, and different angle windows
are set, the Janus angle selection phenomenon will appear, which has
been reported in our previous work [39]. The corresponding adjustment
is not complicated, because the double edges of the angle window are
moved independently, and only some thickness parameters in the PC; or
PC; need to be fine-adjusted. Based on this design principle, three
different Janus forms are explored.
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In Fig. 8, for the PC; and PC; on the left side of the PCg, dp = 42.24
pm, dg = 30.65 pm, dc = 1.8 pm, d’g = 27.56 pm, dp = 15.9 pm, d’p = 15
pm, dg = 36.5 pm, d’g = 18.25 pm. However, for PC; and PC; arranged
on the right side of PC3 in mirror mode, dy = 42.5 pm, dg = 31 pm, d¢c =
1.8 pm, d’B =28 pm, d[) =15.9 pm, d’D =15 pm, dE = 35.5 pm, d,E =
17.75 pm. The other parameters are the same as the above, and only the
thicknesses of the media involved in PC; and PC; are adjusted. In Fig. 8a,
if the TM wave is incident from the front, the AAW range is 15.7 ~ 54.3
degrees, while from the back, the angle range is 24 ~ 42.7 degrees, and
the forward area completely covers the backward area. In Fig. 8b, for the
TE wave incidence, the forward AAW range is 15.9 ~ 44.3 degrees, and
the reverse range is 24.5 ~ 35.3 degrees. Similarly, the backward area is
completely included in the forward range. Remarkably, by adjusting the
medium thickness of the PCs on both sides of the PCs, the dissimilation
angle window is designed to achieve the Janus angle absorption phe-
nomenon, which is also polarization-independent.

Inspired by Fig. 5, there also exists edge-independent regulation in
the AAW. In Fig. 9a and b, for the forward incidence, the left and right
edges of the TM wave are respectively controlled by ng and np, and there
is no interference between the edges, which has the potential of inde-
pendent regulation of the angle window. In Fig. 9¢ and d, the double
edges of the TE wave are also regulated by ng and np. For the backward
incidence, similar regulatory properties also arise in Fig. 9(e)-(h). It is
worth noting that in Fig. 9e and g, a refractive index higher than 1.46
will cause electromagnetic leakage in the case of weak incidence. For the
angular absorption structure, we hope to achieve high absorption
characteristics within the designed angle window, while outside the
angle window, the electromagnetic wave is completely reflected.
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Fig. 6. Under the TM wave, a) the absorption properties of different graphene structures in the frequency domain, b) the absorption properties of (FH(GS)*%)*®
structure in the angle domain. Under the TE wave, c¢) the absorption properties of different graphene structures in the frequency domain, d) the absorption properties

of (FH(GS)*%)®° structure in the angle domain.
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Fig. 8. Inclusive Janus absorption features corresponding to forward propagation and backward propagation under the case of a) the TM wave and b) the TE wave.

However, it is unrealistic to rely solely on the host structure in the model
figure, and additional anti-reflection structures are needed to achieve
impedance matching. Within the angle window, impedance matching is
good, so the electromagnetic wave is completely absorbed, while outside
the angle window, impedance matching is completely mismatched, so
the electromagnetic wave is completely reflected. However, the range of
such impedance matching is limited. Therefore, when the refractive

index of the medium changes, the anti-reflection structure cannot be
completely mismatched with the host structure in some angle regions, so
the phenomenon of electromagnetic wave leakage appears. In general,
np serves as a regulator of the left edge. Its enhancement drives the left
edge to move towards a large angle, while the right edge is unaffected,
forcing the AAW to gradually shrink. Unlike the former, np causes the
right edge to drift toward a large angle, while the left edge is out of the
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Fig. 9. A)-d) in the case of forward incidence, the changes ofng and np, independently regulate the edges of the two polarized waves. e)-h) In the case of backward
incidence, the adjustments of ng and np independently regulate the edges of the two polarized waves.

way, driving the AAW to expand significantly. Similarly, for the four
corresponding cases of forward and backward incidence, the relation-
ship of angle inclusion exists all the time. The specific phenomena can be
observed in Fig. 9a and e, Fig. 9b and f, Fig. 9c and g, and Fig. 9d and g.

In Fig. 10, for PC; and PC; on the left side of the PC3, da = 42.24 pm,
dp = 30.65 pm, dc = 1.8 pm, d’g = 27.56 pm, dp = 15.9 pm, d’p = 15 pm,
dg = 35.5 pm, d’g = 17.75 pm. Nevertheless, for PC; and PC; arranged
on the right side of PC3 in mirror mode, dy = 42.4 pm, dg = 31.1 pm, d¢
=1.1pum, d’s =28 pm, dp = 15.8 pm, d’p = 14.9 pm, dg = 36.5 pm, d’g
= 18.25 pm. In Fig. 10a, if the TM wave is in forward incidence, the
range of AAW is 16 ~ 42.7 degrees, while from the back, the angle range
is 22.4 ~ 53.6 degrees, and the forward and the backward areas partially
coincide in the range of 22.4 ~ 42.7 degrees. In Fig. 10b, for the TE wave
incidence, the forward angle absorption range is 16.1 ~ 35.6 degrees,
and the reverse range is 22.8 ~ 44 degrees. Similarly, the angles in the
opposite direction have overlapping parts between 22.8 degrees and
35.6 degrees. In Fig. 11a, ¢, e, and g, no matter whether the forward
wave or the backward wave is working, the rise of ng independently
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pushes the left edge to move to a large angle, thus tightening the AAW,
and this movement trend does not depend on polarization. In Fig. 11b,
d, f, and h, in the cases of the TM and TE waves incidence, the accession
of np expands the selectivity of the right edge and further extends the
AAW. By observing the combination of Fig. 11a and e, Fig. 11b and f,
Fig. 11c and g, and Fig. 11d and h, it is not difficult to find that in the
process of edge regulation, the relationship of partial coincidence of
angle windows is always sustained. Attentionally, in Fig. 11e and g,
when the left edge of the backward incident wave is controlled, the
refractive index is not suitable for continuous expansion, and when it is
higher than 1.46, energy leakage in a small angle range is induced.

In Fig. 12, for PC; and PC; on the left side of the PCs, da = 42.24 pm,
dg = 30.65 pm, d¢c = 1.8 pm, d’g = 27.56 pm, dp = 15.7 pm, d’p = 15 pm,
dg = 34.4 pm, d’g = 17.2 pm. However, for the PC; and PC, arranged on
the right side of PC3 in mirror mode, dy = 43.2 pm, dg = 30.2 pm, d¢ =
1.8 pm, d’g = 30 pm, dp = 15.9 pm, d’p = 15 pm, dg = 36.5 pm, d'g =
18.25 pm. In Fig. 12a, if the TM wave is incident frontally, the AAW is
15.8 ~ 28.4 degrees. Inversely, the angle range is 34.7 ~ 54.1 degrees,
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Fig. 10. The forward absorption and backward absorption correspond to the Janus absorption characteristics of the partially coincident type under the case of a) the

TM wave and b) the TE wave.
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Fig. 11. A)-d) in the case of forward incidence, the changes ofng and np independently regulate the edges of the two polarized waves. e)-h) In the case of backward
incidence, the adjustments of ng and np independently regulate the edges of the two polarized waves.
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Fig. 12. Incoherent Janus absorption idiosyncrasies corresponding to the forward propagation and backward propagation under the case of a) the TM wave, and b)

the TE wave.

and the forward area is completely separated from the backward area. In
Fig. 12b, for the TE wave incidence, the forward AAW is 15.9 ~ 24
degrees, and the reverse range is 36.2 ~ 44.2 degrees. In addition, the
range of angles in the opposite direction is completely separated.
Similarly, incoherent Janus AAW also possesses the features of edge-
independent operation. In Fig. 13a and ¢, ng accurately controls the
range of the left edge of different polarization waves under the action of
the forward wave, while the right edge is stable. On the contrary, np, is
equipped with the ability to independently drive the active trajectory of
the right edge in Fig. 13b and d. For the backward incidence, ng in
Fig. 13e and g and np in Fig. 13f and h play the same role as the former.
The rise of ng causes the angle window to shrink while the rise of np
expands the angle window. By comparing Fig. 13a and e, Fig. 13b and f,
Fig. 13c and g, and Fig. 13d and h, the incoherent angle window is al-
ways clear during the adjustment process, which can be explored.
Additionally, in Fig. 13a and c, if the left edge of the forward wave is

operated, the refractive index is not appropriate for continuous expan-
sion, and a refractive index higher than 1.46 will cause electromagnetic
leakage in the case of weak incidence.

Many angle absorption structures have been designed by using
photonic crystal structures [45-53]. In order to show the advantages of
this design, some representative works are selected and compared. In
Table 1, the angle selectivity, tunability, and three types of Janus ab-
sorption are compared respectively. Among them, the degree of angle
selectivity can be characterized by a rectangular coefficient. The for-
mula for calculating the rectangle coefficient can be defined as the ratio
of the angle window width of —3 dB to the angle window width of —30
dB [39]. The rectangle coefficient ranges from O to 1, and the higher the
value, the stronger the angle selectivity. For comparison purposes, we
consider a value above 0.8 to be highly selective, a value below 0.8 to be
low selective, and a value tending to O to be non-selective. By compar-
ison, it is not difficult to find that, according to the reported references,
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Fig. 13. A)-d) in the case of forward incidence, the changes ofng and np independently regulate the edges of the two polarized waves. e)-h) In the case of backward
incidence, the adjustments of ng and np independently regulate the edges of the two polarized waves.

Table 1

Comparison with previous works.
Ref. Year Absorber Angle selectivity Tunability Janus

Inclusion Partial coincidence Incoherence

47 2016 Yes Low None None None None
48 2017 Yes Low None None None None
49 2018 Yes None None None None Yes
50 2020 Yes Low None None None None
39 2021 Yes High Yes Yes None None
13 2021 Yes High Yes None None None
51 2021 Yes None None Yes None None
52 2021 Yes Low None None None None
This work 2023 Yes High Yes Yes Yes Yes

our structure fully achieves high selectivity, significant tunability, and
three types of Janus absorption.

4. Conclusion

In this paper, the PBGs edge features of PCs, the wide-angle ab-
sorption of graphene heterostructure, and the asymmetric topological
arrangement technology are jointly adopted to realize three different
Janus AAWs, that is, inclusion relation, partial coincidence relation, and
incoherence relation. The two edges of the AAWs are controlled by
different PCs, so they can be independently manipulated by the refrac-
tive indexes of different media. In the process of regulation, the three
Janus relationships can always be maintained. In addition, whether the
TM wave or the TE wave is incident, the above performances are all
satisfied, and a certain polarization separation phenomenon occurs in
the case of a large angle. We hope that the proposed technology will be
helpful to the development of angular selectivity and Janus technologies
in the THz band. Of course, the biggest regret of this paper is that the
results are purely based on theoretical simulation, and the experimental
conditions in our university are not enough to support experimental
verification. We strongly believe that our findings can be proven by
other qualified teams in the future. We are also actively looking for
cooperative teams and research funds to complete our follow-up work.

We hope to complete the corresponding experimental verification work
as soon as possible.
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