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In this paper, a kind of superconductor ceramics metastructure-photonic crystals (SCMPC) is proposed to
investigate the absorption and transmission properties of electromagnetic waves (EW) by combining a meta-
structure with multiple degrees of freedom regulation and strong energy localization characteristics of photonic
crystals. Firstly, for the periodically aligned SCMPC, EW mainly realizes absorption in forward propagation and

¢ .
éiﬁig;ﬁiic cascading structure transmission in backward case. The relative bandwidth (RB) for both forward absorptivity and backward
Rasorber transmittance greater than 0.9 is 2.7 %, and the operating bandwidth (OB) is 696 ~ 715 terahertz (THz), which is

an asymmetric absorption-transmission (AAT) characteristics. Importantly, the periodically aligned SCMPC can
realize the double-band rasorber phenomenon, and the forward EW exhibits an absorption-transmission-
absorption phenomenon with OBs of 644.2 ~ 671.1 THz, 700.9 ~ 742.1 THz, and 766.8 ~ 784.2 THz. RBs
with absorption and transmissivity greater than 0.8 are 4.1 %, 5.7 %, and 2.2 %, respectively, and the backward
EW one is mainly transmitted. To optimize AAT, a quasi-periodic Octonacci sequence-aligned SCMPC is intro-
duced. The results show that the maximum OB of forward absorption and backward transmission is 428.3 ~
670.5 THz and RB is 44.1 %, achieving favorable broadband AAT. In addition, the effects of temperatures,
dielectric thicknesses, and stacking numbers on AAT are also investigated in detail. In conclusion, AAT has
promising applications in unidirectional optical transmission, photodiodes, optical isolators, etc.

In 2006, Fedotov et al. [20] first proposed irreversible devices for EW
without applied magnetic field bias, which is generated as a result of the

1. Introduction

Asymmetric propagation of electromagnetic waves (EW) refers to the
medium exhibiting different transmission characteristics of EW along
various propagation directions, including transmission, reflection, ab-
sorption, and polarization conversion [1-3]. This asymmetric property
has potential applications in optical communications [4,5], information
processing [6,7], and integrated photonic systems for all-optical
computing [8,9], which can realize a variety of irreversible electro-
magnetic devices, such as isolators [10], radomes [11], and circulators
[12,13]. The traditional method to realize asymmetric property involves
utilizing Faraday magneto-optical effects to break the time-reversal
symmetry and achieve unidirectional propagation of EW [14-18].
However, these effects require an applied magnetic field bias, leading to
the disadvantages of large device size and integration complexity [19].

interaction of EW with planar chiral structures on subwavelength scales,
and this finding has attracted increasing attention. At present, most
asymmetric devices operate in low-frequency bands, such as microwave
[21] and terahertz (THz) bands [8], while there are fewer studies on
asymmetric devices in visible light bands [15]. In 2016, Tang et al. [4]
proposed a broadband asymmetric transmission device that can achieve
a high transmission contrast at visible frequencies by combining a
transparent substrate (sapphire) with a tapered metal grating. The de-
vice achieves transmission efficiencies of 95 % and 35 % for forward
irradiation and backward irradiation, respectively, and the corre-
sponding transmission ratio is greater than 2.5 %. However, it is still a
challenge to design asymmetric devices with simple structures that can
achieve both absorption and transmission characteristics at visible
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frequencies, which can be applied in the fields of communications
[22,23], optical devices [24,25], and antennas [26].

In addition, the frequency selection rasorbers [27], which possess the
unique property of being transparent to incident EW within the pass-
band while absorbing them outside the passband, have aroused the in-
terest of researchers in recent years. It transmits signals at the operating
frequency and can also act as an absorber outside the passband to reduce
mutual interference between different communication systems [28],
thus achieving stealth. In 2020, Jia et al. [29] proposed a selection
rasorber with independently controlled dual-frequency transmission
response with a lossy layer consisting of four square rings and two short-
cuts, and the two frequencies can be individually controlled by changing
the lengths of the two short-cuts separately. In the same year, Wu et al.
[30] designed a low-loss frequency selection rasorber based on an
omnidirectional planar graphene sheet resistor with a low-loss single-
channel transmission window above the absorption band. However, so
far, the research on frequency selection rasorbers is mostly limited to
single frequency channels or single frequency points, and there are only
a few studies based on double-band rasorbers. Therefore, designing
rasorbers with the double-band has been one of the important research
topics of great interest.

Superconductor ceramics (SC) are a group of ceramics that exhibit
zero electrical resistance and completely repel magnetic fields at critical
temperatures [31]. In addition, when the external environment is below
the critical current and critical magnetic field, SC exhibits zero re-
sistivity and zero magnetic induction [31]. Superconductivity was first
discovered in mercury in 1911 [32], and SC has the advantages of low
loss, low dispersion, and wide bandwidth compared to conventional
metals [33]. Therefore, SC can be used in various fields, including
electric power systems and transportation [33]. Moreover, since the
refractive index of SC depends on the London penetration depth, which
is related to temperature, it is possible to change the refractive index of
SC by altering its temperature [3435]. In 2019, Aly et al. [36] proposed a
novel one-dimensional defected photonic crystal composed of meta-
material and high T¢ SC called Hg1223, which can be used to obtain
tunable filtering properties by varying the thicknesses of the meta-
material and SC layers. In 2019, Trabelsi et al. [37] designed a quasi-
photonic structure made of Yttrium Barium Copper Oxide (YBCO) SC
and SiO, dielectric materials that can manipulate the position of the
transmission peaks and the width of the subphotonic bandgap by opti-
mizing the operating temperature of SC, and the thickness of the layers.
Although there are many reports on SC, few studies have combined SC
with the asymmetric propagation properties of EW.

Metastructures are artificial composite materials with extraordinary
physical properties that cannot be found in natural materials, such as
negative refractive index [38], negative dielectric constant [39], and
anti-Doppler effect [40]. Through the specific design of metastructures,
it is possible to regulate the propagation direction and amplitude of EW,
which is conducive to the integration and miniaturization of optical
devices. Photonic crystals are artificial periodic multilayer media con-
sisting of two or more materials with different refractive indices alter-
nately [41,42], which have attracted much attention because of the
excellent control of EW. Quasi-periodic photonic crystals are charac-
terized by periodicity and randomness, and their peculiar optical
properties have attracted great interest in the past decades [43]. Pho-
tonic crystals show unique advantages in energy localization and are
more likely to form broadband structures. However, they have limited
tunable degrees of freedom and weak anisotropy. Metastructures, on the
other hand, are generally more suitable for designing anisotropic de-
vices with structures that exhibit strong asymmetric propagation prop-
erties but have insufficient operational bandwidth. To address the
drawbacks of each, metastructures and photonic crystals are combined
to form metastructures-photonic crystals, a distinct class of photonic
crystals. Metastructures-photonic crystals allow the design and adjust-
ment of the shape, size, and arrangement of metastructures to regulate
and optimize the properties of photonic crystals, thereby achieving
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specific optical properties and applications.

In this paper, a kind of superconductor ceramics metastructure-
photonic crystals (SCMPC) is proposed to investigate the propagation
properties of EW. The results demonstrate that the periodically aligned
SCMPC can achieve asymmetric absorption-transmission (AAT) of EW at
696 ~ 715 THz and exhibit the double-band rasorber phenomenon.
Specifically, the forward-incident EW presents absorption-transmission-
absorption characteristics at OBs of 644.2 ~ 671.1 THz, 700.9 ~ 742.1
THz, and 766.8 ~ 784.2 THz, respectively, corresponding to absorption
above 0.8 with RBs of 4.1 %, 5.7 % and 2.2 %. With the introduction of
quasi-periodic Octonacci sequences, the SCMPC offers enhanced capa-
bilities in achieving broadband AAT. In the frequency range of 428.3 to
670.5 THz, the RB with absorption greater than 0.9 reaches 44.1 %. The
results in this paper provide possibilities for designing AAT-based op-
tical devices in broadband-like diodes.

2. Structure design and numerical method

Fig. 1(a) presents a three-dimensional view of the SCMPC, where the
SCMPC is infinitely extended in the y-direction. The schematic of the
periodically aligned SCMPC is illustrated in Fig. 1(b), where two coor-
dinate systems are defined, the original: (x, y, 2) and the one with a
certain inclination angle: (X, ¥/, ). The EW is incident on the xoz plane
at an incidence angle 6. The direction of the magnetic field of transverse
magnetic (TM) modes [44] is perpendicular to the plane of the propa-
gation direction, and the directions of forward propagation (along the
—z-axis) and backward case (along the + z-axis) are indicated by arrows.
The thicknesses of the metal layer A and SC layer B are described as d,
and dy, the inclination angle of the SCMPC 1 with respect to the + z-axis
is ¢, and the ambient temperature is fixed to be Ty = 50 K. Details of
other parameters involved in the SCMPC 1 are shown in Table 1. The
fabrication of the SCMPC is illustrated in Section 1 of Supplementary
Material.

For the high-temperature SC (YaBayCu30O7) with a refractive index
np = ./ép, the dielectric function ep is described by the two-fluid model
and the London local electrodynamics [34]. When the temperature is
below the critical temperature [35], the YaBaoCu3O; ceramic material
can be considered a lossless medium. The dielectric function of YaBas.
Cu307 ceramic material is described by the following model [45]:

1
P = ety (T @
where &g, uo are the free-space permittivity and magnetic perme-
ability, and A1 (T) is the temperature-dependent London penetration
length given by [45]:

a(m=— 20 @

(o)

In Eq. (2), 21(0) is the London penetration length at T=0 K, P=4, and
Tc is the SC critical temperature. In this paper, the YaBa;Cu3O7 ceramic
material has Tc=92 K, P=4, and 4y, (0) is determined to be 200 nm [34].

Furthermore, the dielectric constant of silver is described by the
Drude model [46,47]:

2
-1 3)

u T @? +iyo
where wp is the bulk plasma frequency, and y is the damping constant
describing the loss. In this paper, we choose metallic silver, which is
known to have the following relevant parameters according to the study
[9] which are py=1, wp=1.2 x 10 rad/s, y=1.0 x 10 rad/s.

In the coordinate system x7y'z, the effective relative permittivity
tensor (Maxwell-Garnett homogenization) of the periodically aligned
SCMPC is [9]:
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(b) SCMPC 1

(¢) SCMPC 2

Engineering Science and Technology, an International Journal 57 (2024) 101810

Silver " YaBa,Cu,0,

| silver
|| YaBa,Cu,0,

Forward propagation

7,

JBackward propagation
E

Substitution

>

Graphene

Fig. 1. (a) Structural three-dimensional view of the SCMPC. (b) Schematic representation of the periodically aligned SCMPC. (c) Schematic representation of the
quasi-periodic Octonacci sequence-aligned SCMPC. Layer A denotes the metal, layer B denotes the SC, and ¢ denotes the angle of incidence. The xy'z’ axis is obtained
by rotating the xyz axis about the y' axis by an angle ¢. The two opposing arrows at the top and bottom outside the SCMPC indicate EW incident in the forward and
backward directions, respectively. The substitution rules for the colored blocks are plotted in detail.
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Table 1
Parameters of two SCMPCs realizing different functions.

AAT of the SCMPC 1

d, (nm) dy, (nm) h (nm) @ (°) (%)
9 12 102 30 50
Double-band rasorber of the SCMPC 1
d, (nm) dy, (nm) h (nm) 9 () 0()
8.4 26 43 45 60
Broadband AAT of the SCMPC 2
d, (nm) dy, (nm) ds (nm) dg (nm) h (nm) ¢ () 9 (°
4 12 15 3.4 20 40
&, 0 0
=10 £,y 0 (€))
0 0 e,
where ¢, = datd o _ o _ detutdiin [9] o is the dielectric con-
XX T do/em+dp/ep’ TYY T “22 T datdp > &M

stant of silver and ep is the dielectric constant of YaBa;CusO; ceramic
material.

So, in the coordinate system xy'zZ, the electric field vector D’ and
electric filed vector E’ can be described as [9]:

D' = ¢gE )

In addition, the coordinate system xyz and the coordinate system
xX'y'7 are related as follows [9]:

x cosp 0 sing | [x b'd
y| = 0o 1 o0 Y| =R|y (6)
z —sing 0 cosp | |Z 4

where ¢ is the inclination of the SCMPC with respect to the + z axis, R =
cosp O sing
0 1 0
—sing 0 cosg
Furthermore, in the coordinate system xyz, the electric displace
vector D and electric filed vector E can be described as [9]:

D = gy¢E )

In the coordinate system xyz, the effective relative permittivity
tensor of the periodically aligned SCMPC is transformed into [9]:

& 0 &g
e=|0 g, O (8
Ex 0 &y

where, &4, €y, €, €x, € can be represented as [9]:

/

Exx = £,,C08%p + €, sin’yp

4
w2 ’ 2
€ = €,5IN°p + €, cOs*p 9)
Exy = Exx = (e;,y - (:‘;(X)SinqaCOS(/l

When a plane EW is incident on the SCMPC, the two wave vectors of
the two waves incident forward (—z-direction) and backward (+z-di-
rection) with respect to the boundary are very different due to the
presence of a tilted optical axis and a non-zero incidence angle [9]. Next,
we proceed based on source-free Maxwell of Eq.(9). First, the magnetic
field has only y-directional components for both forward and backward
incidence of the TM wave, so the magnetic field can be represented as
[9]:

H, = H;y + H;? _ H;o ei(k;erkxx—wt)y’ + H;o ei(k;z+kxx—wt)7> (10)
where k; and k; indicate the + z and —z components of wave vectors,
respectively. Thus, we have [9]
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V x H, = = (= ik Hy — ik Hy ) ¥ +ike (Hy +Hy )7

°o ¥le wl
& Qe
o ¥l x|

an
According to Egs.(7) and (9), we can get [9]

Ex 0 &y E,

0 ¢, O 0 12)
ZX 0 822 EZ

9D

ot

= —iweo(excEx + SXZEZ)Y — iweg (ExEx + EZZEZ)? (13)
From V x H, = (h, we have [9]
ki HY +k, H, = weo(exxEx + exEy)
ks (Hy+ + H;) = —0€o(ExxEx + €E;) a
Then, we derive Ex From Eq.(14), the result is [9]:
£k + Excky o £k, + Excky H- (15)

T weg (Exxas — efz)‘ Y weg (Exxtn — €3) 7

for the + z direction plane wave, from Vx E = —%

ap we can get [9]

OE, OE;\ . "
(5 %) ~ionot e
€3K2 + (Excke + ko) + Exxk? = k3 (ExxEaz — €2,) a7
From Eq.(17), we can get two solutions for k,, which are as follows
[9]:
— ek + \/ — entn) (K — Kles)
kil =+ . (18)
EZZ
- 6‘xzkx - \/(8)2(2 - Ezzexx) (k,z( - kgezz)
k=1 = (19)
EZZ
where k, = kosind, ko = w/c [9]. Additionally, k, is the normal wave

vector component of a plane EW, and its two different solutions k} and
k2 indicate that the plane EW is incident in two different directions
which are forward and backward, respectively.

For ordinary materials, k! and k2 are opposite and the structure can
be viewed as reversible [9]. However, in this paper, for the SCMPC 1,
when k, is not equal to 0, k! and k2 do not have an inverse relationship.
Therefore, plane EWs have different propagation processes in forward
and backward cases, which is the origin of AAT properties. In addition,
the components of the electric field vector on the metal layer are
different when the plane wave is incident from different directions. That
is, the titled metal layer has different interactions with the electric field
vector incident from different directions. For both k;, the corresponding
+ z or —z-directions depend on the incidence direction and the imagi-
nary part of k;. When incident in the + z-direction, k, with a positive
imaginary part corresponds to a plane wave in the —z-direction, and k,
with a negative imaginary part corresponds to a plane wave in the —z-
direction. Energy coefficients for EW propagation in the SCMPC is
illustrated in Section 2 of Supplementary Material.

To optimize AAT performance, a quasi-periodic Octonacci sequence-
aligned SCMPC is proposed based on the SCMPC 1, which is displayed in
Fig. 1(c). The Octonacci sequence has a relatively symmetric recursive
rule [48], which can be expressed as Sy=Sn.1Sm.2SMm.1, M>2, where M
represents the stacking numbers, and the initial parameters are S;={C},
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So={D}. Thus, So={CDC}, S3={CDCCCDC}, and so on can be obtained
by the recursive rule [48]. Where the substitution rules are shown in
Fig. 1(c), C is replaced with a combination of metal layer A, graphene
layer G, and dielectric layer F, and D is replaced with a combination of
graphene layer G, SC layer B, and dielectric layer F. In the SCMPC 2, the
thicknesses of dielectric layer F and graphene layer G are df and dg,
respectively. The dielectric constant of the dielectric layer F is noted as
er = 1.21, and the ambient temperature T is fixed as 50 K. Similarly, the
other parameters are displayed in Table 1. The dielectric functions for
metal and SC have been given by Egs.(1), (2) and (3).

The conductivity of the graphene can be calculated by the Kubo
equation [49]:

(20)

___inter intra
0y =0y 10,

where zrg“e' and zrg‘“a are the inter-band and intra-band conductivities of
graphene [49].

intra ie? ks To H o
=— + 2In(e ksTo 41 21
§ ah?(w +i/7) \ ksTo ( "+ @y
e € [2ul— (o +if2)
inter __ ; ©~ 29
% ' “{2“4\ T h(w+i/7) @2)

where T refers to the ambient temperature, y = 0.1 eV is the chemical
potential, 7 = 1 ps is the relaxation time, and kg is the Boltzmann con-
stant. If the electronic energy band structure of the graphene layer is not
affected by the periphery, then its dielectric function can be described as
[49]:

&g = 1 +1ioy/weody (23)

In which, ¢ is the dielectric constant in vacuum and dy = 0.34 nm
indicates the thickness of the monolayer graphene layer [49].

3. Results and discussion
3.1. AAT and double-band rasorber of the SCMPC 1

To investigate the AAT mechanism of the SCMPC 1 more clearly,
based on the parameters in Table 1, the changes in the imaginary and
real parts of the normal wave vector components k}, k2 concerning the
operating frequency are shown in Fig. 2. From Fig. 2(a), the imaginary
part of k! decreases rapidly near the frequency of 790 THz and the
minimum occurs at 792 THz, this anomalous dispersion behavior is

caused by the current material. In Fig. 2(b), the real part of k} changes

T T T
0 - —
xo _20 . -
)
T 404 .
i
I:O
~x —604 .
)
g
£ —80- .
L
— Imag (k; / k)
-100-{ — -Imag (k¥ /k) (a) T
T T T T
650 700 750 800 85
S (THz)
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from negative to positive near 800 THz.

Based on the parameters of AAT of the SCMPC 1 in Table 1, the
absorption for forward incidence and transmission for backward case
are calculated when TM modes are incident in different directions and
plotted in Fig. 3(a). Where A denotes absorption, T denotes trans-
mittance. The results show clear AAT phenomena, where TM modes are
mainly absorbed at the forward incidence and transmitted at the back-
ward case with an OB of 696 ~ 715 THz and RB of 2.7 %.

In addition, when the parameters of the double-band rasorber of the
SCMPC 1 in Table 1 are calculated, the relevant results are illustrated in
Fig. 4(a). It can be seen that in the range of 644.2 ~ 671.1 THz and
766.8 ~ 784.2 THz, the forward EW is mainly absorbed, and RBs with
absorption greater than 0.8 are 4.1 % and 2.2 %, respectively. In
contrast, in the range of 700.9 ~ 742.1 THz, the forward EW is mainly
transmitted, and RB with transmission greater than 0.8 is 5.7 %. In
general, the absorption-transmission-absorption propagation properties
can be achieved at 644.2 ~ 784.2 THz for the forward incidence of plane
EWs. The backward EW is still mainly transmitted, and the trans-
mittance of its effective region is higher than 0.9, which can be seen in
Fig. 4(b).

From Fig. 5(a), it can be seen that both absorption bands of the
forward incident wave maintain high absorption characteristics in the
range of 32°~67°. When 6 = 60°, the two absorption band regions above
0.8 reach maximum values with OBs of 644.2 ~ 671.1 THz and 766.8 ~
784.2 THz, and RBs of 4.1 % and 2.2 %, respectively. In Fig. 5(b), for the
forward incident EW, the transmission is greater than 0.8 in the range of
0°~75°, which can maintain a certain degree of angular stability.

According to Eq.(1), it is known that the dielectric constant of SC
depends on the temperature of the system, and naturally, the absorption
and transmission characteristics of EW propagating in different di-
rections are also affected by temperature. Considering that SC can be
considered lossless below the critical temperature, four temperatures,
To=5K, 30K, 55K, and 80 K are selected for discussion. In Fig. 6(a) and
(b), temperatures have a modulating effect on the double-band rasorber
phenomenon. As ambient temperature Ty increases, RB with forward
absorptivity and transmittance higher than 0.8 tends to first increase
and then decrease. When T = 5 K, the RBs of the two absorption bands
and one transmission band are 4.1 %, 2.3 %, and 6.2 %, respectively.
When Ty = 55 K, the corresponding three RBs are 4.9 %, 4.1 % and 6.7
%. However, as the temperature continues to rise to To = 80 K, all three
RBs tend to decrease, corresponding to 2.0 %, 5.7 %, and 3 %.

3.2. Broadband AAT of the SCMPC 2

Fig. 3 shows the difference in absorption and transmission for rela-
tive incidence, but the difference is limited and the absorption is not

60 T T T

-
<
1

[
=]
1

<
1

|
[
=]
1

Real (k! / k, and K2/ k;)

Real (k! / ko)
— —Real (K} /kg)

|
-
<
1

(b)
-60
650

750 800

S (THz)

700 850

Fig. 2. (a) The imaginary parts and (b)the real parts of of the two plane EWs in SCMPC 1.
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1.0 1 1.0

Backward Asorption
— — Forward Transmission

0.84 3 - 0.8
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(b) S (THz)

850

Fig. 3. For the TM modes, (a) forward absorption and backward transmission curves and (b) backward absorption and forward transmission curves of the SCMPC 1.
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Fig. 4. (a) The absorption-transmission-absorption curves for the SCMPC 1 at forward incidence. (b) Propagation characteristics curves of the SCMPC1 at back-

ward case.
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Fig. 5. Effects of variation of incident angle ¢ on (a) forward absorption, and (b) forward transmission of double-band rasorber phenomenon of the SCMPC 1.

perfect. The ideal result is 100 % absorption in one direction and 100 %
transmission in the opposite direction [9]. Therefore, the SCMPC 2 is
proposed to achieve broadband AAT. Similarly, based on the parameters
mentioned earlier for the SCMPC 2, absorption for forward incidence
and transmission for backward case are calculated when TM waves are

incident in different directions and plotted in Fig. 7.

It is clear from Fig. 7 that the SCMPC 2 can achieve a continuous
broadband AAT region with an OB of 428.3 ~ 670.5 THz and RB with
absorption above 0.9 is 44.1 %. It is worth noting that in 428.3 ~ 670.5
THz, the transmission of plane EWs at backward incidence can reach
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Fig. 6. Effects of different temperatures T on (a) forward absorption, and (b) forward transmission of the double-band rasorber phenomenon of the SCMPC 1.
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Fig. 7. (a) forward absorption and backward transmission curves and (b) backward absorption and forward transmission curves of the SCMPC 2 when T, = 50 K.
Points P and Q indicate the intersection of absorption curves with A=0.9, and the broadband AAT region is indicated by the light blue shaded box.

0.88 or even higher, which means that total absorption for forward
propagation and total transmission for backward propagation of EW can
be perfectly realized. Due to better geometric asymmetry and higher
structural complexity, Octonacci sequences are advantageous in
achieving broadband AAT compared to ordinary periodic structures. In
addition, it can be physically explained that the interaction between the
incident EW and the irregularly arranged graphene layers causes an

energy conversion that converts more electromagnetic energy into
thermal energy, which leads to the realization of absorption resonance.
Moreover, in SCMPC 2, the number of resonant cavities increases and
mutual coupling occurs, which significantly broadens the absorption
band.

In Fig. 8(a), we can figure out that for the forward propagation, the
absorption phenomenon is not obvious when the incident angle 6 is

1.0
0.8
0.6
e
S
0.4
Forward Absorption 0.2
0.0
300 400 500 600 700 800 200 300 400 500 600 700 800
f(THz) f(THz)

Fig. 8. Absorption and transmission spectra of the SCMPC 2 for different 6 in both forward and backward propagation directions. (a) Absorption spectra in the
forward propagation and (b) transmission spectra in the backward propagation. The ideal absorption and transmission regions are indicated by black dashed lines
with a critical value of 0.9.



L. Lei et al.

small. The range of high absorption (A>0.9) gradually increases with
the increase of 0, while the absorption properties show a tendency to
deteriorate when 0 is larger than 68°. Similarly, the transmission prop-
erties of backward propagation are shown in Fig. 8(b), and it is clear that
the effective transmission area (T>>0.9) becomes significantly wider and
shifts to the right at higher frequencies when 6 becomes larger. How-
ever, once § becomes larger than 60°, the transmission performance
starts to deteriorate. Overall, the incident angle 6 of EW plays a crucial
role in modulating the propagation performance of the SCMPC 2, and a
proper incidence direction is conducive to obtaining more significant
broadband AAT properties.

In Fig. 9(a) and (b), it can be found that the effects of different
ambient temperatures Ty on absorption or transmission properties are
not significant. When Ty = 5K, 30 K, 55 K, and 80 K, with an OB of 430
~ 664 THz, RB with absorptivity higher than 0.9 is 42.7 %, which means
that the broadband AAT of the SCMPC 2 exhibits good temperature
stability.

As shown in Fig. 10(a)-(d), the thicknesses of metal and SC layers
play a crucial role in the modulation of EW transmission characteristics.
It can be seen that d, has a significant effect on forward absorption and
backward transmission. As d, increases, both the absorption perfor-
mance of forward propagation and the transmission performance of
backward cases become worse. When d, = 4 nm, OB is 428.3 ~ 670.5
THz and RB is 44.1 %, which has the most excellent broadband AAT
performance at this time. When d, = 12 nm, OB is 592.8 ~ 691.3 THz
and RB is 15.3 %. In addition, absorption and transmission properties in
both propagation directions are also affected by dp,. With d}, becoming
thicker, the RB of forward absorption decreases, from 47.5 % at d, = 8
nm to 40.1 % at d, = 16 nm. However, Fig. 10(d) demonstrates that an
increase in dj, leads to a significant increase in backward transmission.
When dp = 8 nm, the minimum backward transmittance value is 0.88
with an OB of 425.8 ~ 690.8 THz. As d, increases to 16 nm with an OB of
433.6 ~ 650.8 THz, the minimum value of the corresponding backward
transmittance decreases to 0.84. From Fig. 10(a)-(d), the optimal values
for d, and d;, are about 4 nm and 12 nm, respectively, which provide
useful structural optimization suggestions for achieving better broad-
band AAT.

From Eq.(9), it is known that the transmission characteristics of EW
are closely related to the inclination angle ¢ of the SCMPC 2. For the
incident angle 6 = 45°, the effects of different ¢ on forward absorption
and backward transmission are calculated and the results are plotted in
Fig. 11. As shown in Fig. 11(a), the forward absorption peak moves to
lower frequencies as ¢ increases and RB shows a tendency to increase
and then decrease. The corresponding RBs with absorption greater than
0.9 are 39.1 %, 45.7 %, and 27.8 % for ¢ = 20°, 30°, and 50°, respec-
tively. In Fig. 11(b), it can be seen that the backward transmission also
varies with ¢. With the increase of ¢, the backward transmittance goes
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from the lowest value of 0.62 at ¢ = 20° t0 0.82 at ¢ =30° to 0.8 at ¢ =
50°, which shows a tendency of increasing and then decreasing. As
mentioned above, the AAT performance of EW can be changed by
adjusting the ¢ of the SCMPC 2.

The effects of different stacking numbers M of quasi-periodic Octo-
nacci sequences on the absorption and transmission properties of EW
propagating in different directions are illustrated in Fig. 12(a) and (b). In
Fig. 12(a), the increase of M contributes to the improvement of forward
absorption to some extent, especially in higher frequencies. With M=3,
the RB for forward absorption above 0.9 is 24.7 %, and as the SCMPC
becomes more complex up to M=6, the RB is as high as 44.1 %. How-
ever, once M exceeds 6 layers, the backward transmission performance
is no longer excellent, which hurts AAT. In addition, the total thickness
of the structure becomes larger, which is detrimental to the subsequent
fabrication process. Therefore, a larger stacking number taken in an
appropriate range is important for achieving broadband AAT.

4. Conclusion

In summary, a novel kind of SCMPC is proposed by skillfully
combining the advantages of SC, metastructures, and photonic crystals,
which can realize the effective combination of asymmetry, broadband,
and temperature stability. In the periodically aligned SCMPC 1, AAT can
be achieved with an OB of 696 ~ 715 THz, and the forward absorptivity
and backward transmittance are both greater than 0.9. Meanwhile, the
double-band rasorber phenomenon is also found, with corresponding
RBs of 4.1 %, 5.7 %, and 2.2 %, respectively. For the quasi-periodic
Octonacci sequence-aligned SCMPC 2, RB is 44.1 %, which enables
good broadband AAT. Temperature has no significant effect on the
performance of both SCMPCs, which exhibit great temperature stability.
Notably, this asymmetric propagation does not require any applied
magnetic field and has unique applications in the design of asymmetric
optical devices.
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