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A B S T R A C T   

Using a chaotic gray wolf optimization algorithm to drive the transfer matrix method, a nonreciprocal and angle- 
insensitive absorber with ultra-wide bandwidth absorption is realized in a layered photonic structure comprised 
of graphene, which is spliced of a periodic sequence and a quasi-periodic sequence on a normalized scale. 
Compared to the periodic sequence, the proposed cascading construction has more preponderance in terms of 
bandwidth and angular stability. The surface conductivity of the graphene layer, which manipulates the ab
sorption effect, can be modulated by the Fermi level, causing the characteristics of the proposed absorber tuned. 
The Fermi level of graphene, dielectric constants, and thicknesses of ordinary media, are optimized by the 
chaotic gray wolf algorithm, contributing to the decent improvement of absorption with a relative bandwidth of 
up to 127 %. Most importantly, in the 1.5–4.5 THz, the angular stability reaches 86◦ under the TM mode and 70◦

in TE one. The impacts of sequence number N of periodic sequence and M of quasi-periodic sequence on ab
sorption in both angle and frequency domains are investigated. Additionally, the impedance match theory is 
introduced to express excellent absorption performance.   

1. Introduction 

To address the increasingly complex electromagnetic environment, 
there is a growing demand for ultra-wideband, wide-angle, and angle- 
insensitive absorbers in areas such as military stealth [1,2], wireless 
communication [3], security detection, and protection [4,5]. In recent 
years, several promising metamaterial absorbers have emerged. For 
instance, Baqir et al. [6] proposed a nanostructured hyperbolic meta
material absorber that exhibits near-perfect absorption in the ultraviolet 
frequency range. However, this absorber is highly sensitive to the inci
dent angle. Subsequently, in 2020, a gallium-doped zinc oxide (GZO) 
nanowire-based metamaterial absorber was introduced, achieving 
broadband and wide-angle absorption in the near-infrared and short- 
wave infrared regions [7]. Nevertheless, further improvements are 
required in terms of relative bandwidth (RBW) and angle stability. 
Furthermore, there have been numerous studies on absorbers operating 
in this frequency range. In a subsequent development in 2021, a novel 
metamaterial absorber composed of a quadruple symmetric square 
fractal structure was devised, which exhibited polarization-insensitive 
and dual-band absorption characteristics [8]. However, the bandwidth 
achieved at the normal incidence was limited to 9.5–10.55 THz and 

12.3–13.35 THz, entailing further improvement in its absolute band
width (AB). 

Graphene has emerged as a highly attractive two-dimensional ma
terial for optoelectronic devices owing to its wide spectral range and 
exceptionally high carrier mobility [9], which shows tremendous po
tential for producing saturable absorbers [10–12], light modulators 
[13], transparent electrodes [14–16], and solar cells [17,18]. However, 
the absorption efficiency of single-layer graphene is meager, reaching 
only 2.3 % in the visible and near-infrared regions [19], which impedes 
the design of optical detectors. It is noteworthy that the layered photonic 
structure (LPS) embedded with graphene sheets can manifest some 
peculiar phenomena, including multi-channel [20–22], single-frequency 
[23], and single-peak absorption [24–27]. This has sparked the interest 
of numerous scholars, leading to many studies that explore the inte
gration of graphene layers into isotropic one-dimensional layered pho
tonic structures. However, despite numerous types of research aiming to 
improve the absorption performance of graphene-incorporated LPS, the 
absence of systematic design methods often leads to suboptimal choices 
of parameters and structural adjustments. Consequently, the effective 
absorption bandwidth and angular stability of graphene in previous 
studies require further improvements. Additionally, it is worth noting 
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that the significant value of non-reciprocity has been largely overlooked 
in most prior investigations of absorbers, resulting in relatively limited 
research on absorbers with non-reciprocal properties. 

To design an absorber with superior absorption bandwidth, and 
angle stability, and achieve impeccable non-reciprocal functionality, an 
enhanced variant of the gray wolf optimization (GWO) algorithm has 
been implemented to optimize the parameters of the suggested 
cascading configuration. GWO, devised by Mirjalili et al [28], represents 
a cutting-edge intelligent optimization algorithm that has garnered 
widespread attention in the realm of intelligent evolutionary algorithms 
owing to its robustness, rapid convergence speed, and minimal param
eter requisites. However, when confronted with high-dimensional and 
intricate optical quandaries, conventional GWO often exhibits a pro
clivity towards local optima convergence. To surmount this challenge, 
the present research incorporates the chaotic gray wolf optimization 
(CGWO) algorithm, which effectively capitalizes on the exploratory, 
regularity, and stochastic attributes of chaos to substantially enhance 
the convergence quality of the algorithm. 

In this paper, the CGWO has been utilized to propel the transmission 
matrix method [29], to design a non-reciprocal absorber that exhibits 
ultra-wide bandwidth absorption with decent angular stability. Addi
tionally, the physical impact of the principal parameters has been 
examined, and the impedance matching theory has been presented to 

verify the effectiveness of the CGWO. We believe that the proposed non- 
reciprocal absorber holds immense practical value in various domains 
such as stealth technology, energy harvesting, and beyond. 

2. Model and theory 

2.1. Schematic structure 

The cascading structure, composed of periodic and quasi-periodic 
sequences in an air environment, is illustrated in Fig. 1. The positive 
direction of the z-axis signifies the forward propagation of electromag
netic waves (EMs), while the negative direction along the z-axis denotes 
the backward propagation. The periodic part is composed of materials A, 
C, and graphene layer G, arranged in the sequence {AGC}N (where N is 
the number of periods). On the other hand, the quasi-periodic part is 
composed of the symmetrical and recursive Octonacci or Thue-morse 
sequences [30,31], with air layer B and graphene layer G. 

In the Octonacci sequence, the initial parameters are Oct0 = {BGB} 
and Oct1 = {GBG}, represented as a light green square, and a dark green 
square in Fig. 1, respectively. The sequence then follows the rule OctM =

OctM-1OctM-2OctM-1. The Thue-morse sequence has a recurrence rule 
where ‘0’ in the nth term becomes ‘01’ in the n + 1th term and ‘1’ be
comes ‘10’, with ‘0’ represented by {BGB} and ‘1’ represented by 

Fig. 1. A schematic representation of composite structures consisting of a periodic sequence and a quasi-periodic sequence.  
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{GBG}. 
In this model, the thickness and relative dielectric constants of ma

terials A and C are totally determined artificially, which are expressed as 
da, dc, εa, εc respectively. Also, the thickness of the air layer (model B) is 
optimized, expressed as db. 

2.2. Theory of computation 

Graphene is highly suitable for supporting surface plasmon excita
tions of terahertz (THz) waves, making it a compelling candidate for THz 
absorbers. By modulating the Fermi level of graphene through voltage or 
chemical doping, the carrier concentration, resonance frequency, and 
absorption rate can be controlled, greatly broadening the optimization 
space for graphene-based absorption effects. As a frequency-dependent 
medium, the conductivity of the graphene sheet can be calculated ac
cording to the Kubo formula [32,33]. 

σg = σinter
g + σintra

g (1) 

In Eq. (1) σinter
g is the inter-band conductivity, and σintra

g is the intra- 
band conductivity. The calculation formulas of them respectively are 
in Eqs. (2) and (3) 

σintra
g =

ie2kBT
ℏ2π

(
ω + i/τ

)

(
μC

kBT
+ 2ln

(
e
− μc
kB T + 1

))

(2)  

σinter
g = i

e2

4πℏ
ln
⃒
⃒
⃒
⃒
2μc − ℏ(ω + i/τ)
2μc − ℏ(ω + i/τ)

⃒
⃒
⃒
⃒ (3)  

where e represents the electric charge of electrons, kB represents the 
Boltzmann constant, and T = 300 K is the ambient temperature. In 
addition, ħ denotes the reduced Planck constant, ω represents the cir
cular frequency of the EMs, and τ represents the phenomenological 
scattering rate (with τ = 10-13s). The Fermi level of graphene (denoted 
as μc) is optimized between 0.1 and 1 eV. Provided that the electronic 
band structure of the graphene film is not affected by the environment, 
its effective dielectric constant εg can be calculated from Eq. (4) 

εg = 1+ iσg
/

ωε0dg (4)  

where ε0 is the vacuum permittivity, and dg = 0.34 nm is the thickness of 
the graphene layer. 

In order to examine the dispersion relations and transmission prop
erties of THz waves propagating through the LPS, the transmission 
matrix method [29] is employed, which is based on Maxwell’s equations 
and derived from iterative equations of the electric and magnetic fields 
that satisfy continuous boundary conditions for both fields. 

The transfer matrix of the ith layer of the medium in the model is 

Mi =

⎡

⎢
⎣

cosδi −
j
ηi

sinδi

− jηisinδi cosδi

⎤

⎥
⎦, (i = A,B,C,G) (5) 

In Eq. (5), the thicknesses, relative dielectric constants of the mate
rials, and incident angle of ith media respectively are di, εi (parameters to 
be optimized) and θi. ηi represents the admittance of the ith layer, and δi 
is the phase of the ith layer. The phase can be calculated from Eq. (6). 

δi =
(ω

c

) ̅̅̅̅
εi

√
dicosθi (6) 

When an EM is in the transverse electric (TE) polarization, the 
admittance can be calculated by Eq. (7) 

ηi =

̅̅̅̅̅ε0

μ0

√
̅̅̅̅
εi

√
cosθi (7) 

In the transverse magnetic (TM) polarization, it follows Eq. (8) 

ηi =

̅̅̅̅̅̅ε0

μ0

√ ̅̅̅̅εi
√

cosθi
(8) 

For the periodic part (AGC)N, the overall transmission matrix can be 
expressed as Eq. (9) 

Mperiodic = (MAMGMC)
N (9) 

The transfer matrix for quasi-periodic sequences, such as the Octo
nacci and Thue-morse sequences, can be calculated using the following 
Eq. (10) 
{

MOctonacci = MEMDMEMEME⋯
MThue-morse = MDMEMEMDME⋯ (10) 

The transmission matrix of the whole structure is indicated in Eq. 
(11) 

M =
∏N

i=1
Mi = Mperiodic⋅Mquasi-periodicity =

[
m11 m12
m21 m22

]

(11) 

By Eq. (11), the transmittance and reflectance of EMs passing 
through the structure can be calculated in Eq. (12) 
⎧
⎪⎪⎨

⎪⎪⎩

t =
2η0

m11η0 + m12η0ηN+1 + m21 + m22ηN+1

r =
m11η0 + m12η0ηN+1 − m21 − m22ηN+1

m11η0 + m12η0ηN+1 + m21 + m22ηN+1

(12) 

Since the entire structure is in air, η0 = ηN+1, and the absorptance A 
can be written as 

A = 1 − |t|2 − |r|2 (13) 

By using the method described above, the absorption rates of for
ward and backward-propagating EMs can be easily obtained. 

GWO is a novel intelligent optimization algorithm, that simulates the 
phenomenon of wolf hunting for modeling. The hunted prey is the 
optimal solution, and the location coordinates of the wolves donate the 
values of the parameters to be optimized. Similar to the hierarchical 
leadership system of wolves, the algorithm specifies that the optimal 
solution after each iteration is the king of wolves, codenamed α, the 
solutions ranked second and third in fitness are codenamed β and γ, 
respectively, and the remaining solutions are ψ . α is responsible for 
leading the wolf pack forward (guiding the direction of the next itera
tion), β and γ assist the king, and the ψ follows the leadership. 

The algorithm firstly initializes the positions of each wolf (corre
sponding to a fitness value), then the algorithm starts iterating and the 
wolves start searching for prey (towards a more optimal solution), each 
iteration can be represented by the following equations 

D = |C×Xp(s) − X(s) | (14)  

⎧
⎨

⎩

X1 = Xα − B1 × Dα
X2 = Xβ − B2 × Dβ
X3 = Xγ − B3 × Dγ

(15) 

Eq. (14) is responsible for calculating the distance between the prey 
and the wolves after each iteration, and the position of the wolves after 
the next iteration is calculated in Eq. (15). 

D represents the distance between the prey and the gray wolf, Xp(s) 
displays the position coordinate of the prey, X(s) is the position co
ordinates of the gray wolf, and s is the number of iterations. B and C are 
the coefficient vectors. 

After encircling the prey, the three wolves α, β and γ guide the other 
wolves to update their positions and start attacking the prey with the 
following Eqs. (16) and (17) 
⎧
⎨

⎩

Dα = |C1 × Xα − X|

Dβ =
⃒
⃒C2 × Xβ − X

⃒
⃒

Dγ =
⃒
⃒C3 × Xγ − X

⃒
⃒

(16) 
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⎧
⎨

⎩

X1 = Xα − B1 × Dα
X2 = Xβ − B2 × Dβ
X3 = Xγ − B3 × Dγ

(17)  

where Dα, Dβ, and Dγ denote the distances between the common wolf to 
α, β and γ, respectively. Xα, Xβ, and Xγ represent the positions of α, β, and 
γ, respectively. X is the current position of the wolf. And X1, X2, and X3 
are the direction and step length of the current wolf towards α, β, and γ, 
respectively. Finally, the updated position of this wolf is obtained by Eq. 
(18) 

|A| (18)  

where the location of this wolf after the update is X(t + 1). 
The fluctuation range of B in the formula decreases during the iter

ation, while the mode of B determines the behavior of the gray wolf. 
When |B| >1, the gray wolf moves away from the prey and continues to 
search for a better solution globally. However, when |B| <1, the gray 
wolf approaches the prey and initiates an attack. 

For C, due to its random value between [0,2], it indicates the random 
influence weight of wolf location on prey. Due to the randomness of C, it 
enables GWO to effectively jump out of the local optimal solution and 
keep searching for the optimal solution within the global range. 

However, similar to other swarm intelligence algorithms, standard 
GWO also has the disadvantages of easily falling into local optimum, 
slow convergence speed in the later stage, and low solution accuracy. 
With the help of the randomness, ergodic and regular characteristics of 
chaos, CGWO uses logistic chaotic mapping to generate sequences to 
iterate the positions wolf pack, making individuals of the population use 
the information of the solution space as much as possible, which greatly 
improves the search efficiency and the ability of global search the al

gorithm. Based on the above analysis, chaos theory is introduced into 
the position update Eq. (18) of GWO, and the improved position update 
as Eq. (19) is obtained 

X(t+ 1) =
1
3
∑3

i=1
(Xi − Rn⋅(R′ ⋅Xi − Xi) ) (19)  

where Rn and Rn
’ is the vector of chaotic maps. 

In the objective function, the parameters to be optimized are sepa
rately the permittivities εa and εc for media A and C, whose optimal 
ranges are 1–100, the thickness da, dc, and db for A, C, and air layer B 
with the optimization range 1–100 μm. The last parameter is the Fermi 
level μc (0.1–1 eV) of graphene. Finally, the logical flow chart of the 
optimization is shown in Fig. 2. 

3. Results and discussion 

3.1. Nonreciprocal and ultra-wide bandwidth absorption after 
optimization 

To achieve nonreciprocal and ultra-broad band absorption at normal 
incidence, the CGWO is used to optimize the structure within 0.1–10 
THz with the AB as the objective function. 

Given the discrete nature of variables N and M as positive integers, 
while the search space of CGWO consists of continuous values, the direct 
optimization of N and M within CGWO is not feasible. Instead, the 
enumeration method is employed to determine the values of them. This 
approach not only significantly reduces the computational complexity of 
CGWO but also provides an opportunity to observe the influence of 
different values of N and M on the absorption. 

Fig. 2. Algorithm process of CGWO.  
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3.1.1. Effect of N on the absorption 
With the Octonacci 6 (Oct6) and Thue-morse 6 (Thu6) as the quasi- 

periodic sequences, and N increasing linearly, the impacts of N on the 
absorption results and the optimized parameters are presented in 
Table 1. As N varies from 1 to 5, it can be observed that the nonrecip
rocal AB with Thu6 as the quasi-period sequence fluctuates between 7.4 
THz and 7.5 THz, with the RBW consistently above 120 %. Specifically, 
the minimum RBW of 120.97 % is achieved at N = 5, while the 
maximum RBW of 127.12 % is obtained at N = 1. Meanwhile, for the 
Oct6 implanted structure, AB exhibits fluctuation within the range of 
7.6–7.81 THz. The minimum RBW value is observed at N = 1 or 6, at 
122.58 %, while the maximum RBW value is obtained at N = 2, at 
128.98 %. 

The perfect non-reciprocity of the absorber is achieved through the 
disruption of the symmetry of its topological structure. For EMs propa
gating along the positive z-axis, they first pass through a periodic 
structure {AGC}N. Due to the significant refractive index difference 
between the optimized media A and C, the EMs transition from an 
optically dense medium to an optically rare medium. When the incident 
angle exceeds a certain angle (critical angle), a large portion of the 
forward-propagating EMs is reflected. On the other hand, EMs propa
gating in the opposite direction along the negative z-axis initially tra
verse a quasi-periodic structure composed of graphene layers and air 
layers, where they are extensively absorbed by the electrons in gra
phene. Consequently, the overall behavior of this structure is charac
terized by a substantial reflection of forward-propagating EMs and 
significant absorption of backward-propagating EMs, thereby achieving 
the perfect non-reciprocal absorption characteristics. 

It is evident that the change of N has little effect on absorption. There 
are two reasons for these results. Firstly, the resonant structure of the 
periodic part produces far fewer absorption peaks than the quasi- 
periodic structure because of the smaller number of plies. Secondly, 
the absorption peaks generated by both periodic and quasi-periodic 
sequences have overlapping parts. Thus, the change of N does not 
significantly improve the absorption. Therefore, the only role of the 
periodic part is to implement non-reciprocity caused by its asymmetry. 

Furthermore, as shown in Table 1, it is apparent that the absorption 
bandwidth is marginally enhanced when Oct6 is employed as the quasi- 
periodic series in contrast to using Thu6. This is attributed to the sig
nificant number of photonic structural layers that conceal the absorption 
variations caused by spatial disparities between the two quasi-periodic 
sequences. Thus, it can be anticipated that as M diminishes, the differ
ence in absorption outcomes between the two structures will be more 
pronounced, a phenomenon that will be demonstrated in the ensuing 
analysis. 

Since the absorption effect is better when Oct6 is used as the quasi- 
periodic sequence, and the fluctuation of N has less influence on the 
absorption, the selection of Oct6 as the sole quasi-periodic sequence is 
justified. To facilitate expeditious analysis, the results of the non- 
reciprocal ultra-wide-band optimization, spanning a wide frequency 
span of 0.1–10 THz, for three different N = 2, 3, and 4, are presented in 
Fig. 3. 

In Fig. 3, the two gray dashed lines correspond to absorption rates of 
0.9 and 0.1, respectively. A frequency band that meets the non- 
reciprocal criteria, with forward propagation absorption rate below 
0.1 and backward propagation absorption rate exceeding 0.9, is marked 
by blue diagonals to indicate an ideal absorption band. 

At N = 2, as shown in Fig. 3(a), RBW reaches its maximum value of 
129.04 % with a low cutoff frequency of 2.15 THz and an upper cutoff 
frequency of 9.97 THz, resulting in ultra-wide band absorption. As N 
increases to 3 and 4, as seen in Fig. 3(b) and (c), the lower cutoff fre
quency rises from 2.31 THz to 2.37 THz, while the upper cutoff fre
quency remains fixed at 10 THz, resulting in AB of 7.69 THz and 7.63 
THz and RBW of 125.14 % and 123.76 %, respectively. Moreover, for the 
absorption curve of EMs in forward propagation, there are only two 
peaks at 0.25 THz and 1.57 THz for N = 2, whereas when N = 3, three 
peaks appear at 0.32 THz, 1.24 THz, and 2.06 THz, and when N = 4, four 
peaks arise at 0.26 THz, 0.97 THz, 1.73 THz, and 2.21 THz. The rise in 
the number of peaks can account for the reduction of the non-reciprocal 
absorption AB as N increases. 

As for the absorption curve of the back-propagating EMs, when N =
2, there are three troughs at 3.97 THz, 7.33 THz, and 8.89 THz, and all of 
them experience a redshift with the increase of N. With the aid of CGWO, 
the absorption rates at all three troughs are optimized to be >0.9, 
realizing ultra-wide bandwidth absorption. 

By observing the illustration, it is clear that the excellent non- 
reciprocal absorption band stabilizes around 2.5 to 10 THz as N in
creases, while the optimization in the 0.1 to 2.5 THz is always less than 
ideal. At the same time, in the 0.1–2.5 THz, the oscillation of the ab
sorption curve of forward propagation increases with the increase of the 
N value. It can be predicted that even if the number of periodic structure 
layers continues to rise, the 0.1–2.5 THz is still tough to be optimized 
when the total optimization domain is still 0.1–10 THz, which is because 
the impedance matching in this band is out of balance, and the resonant 
frequency of the structure does not match the EMs. To sum up, the 
optimization in the overall range of 0.1–10 THz has little potential to 
obtain the ideal effect in the band of 0.1–2.5 THz. Therefore, consider 
changing the range condition of the objective function to reduce the 
total range of optimization. The 0.1–3 THz is separately optimized, with 
N = 2 and taking Thu6 and Oct6 as the quasi-periodic sequences, and the 
results are as follows. 

The absorption outcomes within the 0.1–3 THz are illustrated in 
Fig. 4. In Fig. 4(a), using Thu6 as the quasi-periodic sequence, with εa 
amounting to 1, da measuring 39.547 μm, db registering 31.632 μm, εc 
equating to 100, dc measuring 4.247 μm, and μc is 0.025 eV. In Fig. 4(b), 
taking Oct6 as the quasi-periodic sequence, with εa is 100, da measuring 
4.207 μm, db measuring 27.58 μm, εc amounting to 1, dc registering 
39.662 μm, and μc equating to 0.01 eV. 

It can be seen that the optimization results of the two structures are 
quite similar. For the EMs propagating forward, the absorption rates are 
>0.1 in the range of 0.1–0.66 THz, and there is a trough and peak, with 
strong oscillation. Then in 0.66–3 THz, the absorption rate is lower than 
0.1, and the absorption curve remains flat, in that the EMs propagating 
forward first pass through the periodic structure composed of materials 

Table 1 
Absorption for different N values at normal incidence.  

N Quasi-periodic sequences AB RBW Absorption spectrum εa da (μm) db (μm) εc dc (μm) μc (eV) 

1 Thu6 7.5 THz 127.12 % 2.15–9.65 THz  12.210  0.314  12.041  100  1.217  0.134 
2 7.45 THz 122.63 % 2.35–9.8 THz  97.836  1.194  13.596  1.035  13.334  0.169 
3 7.5 THz 121.95 % 2.4–9.9 THz  1.2195  1.2195  1.2195  1.2195  1.2195  1.2195 
4 7.5 THz 121.95 % 2.4–9.9 THz  1  11.631  11.861  98.924  1.306  0.132 
5 7.4 THz 120.97 % 2.5–9.9 THz  1  11.609  11.777  99.253  1.29  0.1325 
1 Oct6 7.6 THz 122.58 % 2.4–10 THz  90.283  0.188  7.844  100  1.055  0.0987 
2 7.82 THz 129.04 % 2.15–9.97THz  99.47  1.29  9.50  1  12.05  0.0703 
3 7.69 THz 125.14 % 2.31–10 THz  1.022  12.19  10.132  100  1.235  0.075 
4 7.63 THz 123.76 % 2.37–10 THz  1  12.373  10.931  100  1.217  0.073 
5 7.6 THz 122.58 % 2.4–10 THz  1  12.1  10.363  100  1.233  0.087  
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A and C, and the huge difference in refractive index between A and C 
leads to a large amount of reflection of EMs, and the absorption rate is 
close to 0. For the EMs propagating backward, the absorption curve is 

mostly stable above 0.9, close to 1, because the EMs first pass through 
the quasi-periodic sequence composed of air and graphene layer. And 
with the surface current of the graphene layer excited, the energy of the 

Fig. 3. The absorption spectra when the quasi-periodic sequence is Oct6 with (a) N = 2, (b) N = 3, (c) N = 4.  

Fig. 4. The optimized absorptions with (a) Thu6, (b) Oct6 as the quasi-periodic structure respectively in 0.1–3 THz.  

Fig. 5. The impedance matching spectra for the forward propagation are in (a), (c) and (e), and those for the reverse propagation are in (b), (d) and (f), with (a) (b) N 
= 2, (c) (d) N = 3, and (e) (f) N = 4. 
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EMs is limited in the graphene layer, bringing a perfect absorption ef
fect. The AB of the two structures reaches 2.34 THz, and the RBW is as 
high as 127.87 %, realizing perfect non-reciprocal ultra-wide bandwidth 
absorption, which is due to the excellent impedance matching effect, 
and the absorption effect is optimized by the powerful parameter opti
mization ability of CGWO. 

The perfect absorption can be attributed to a decent impedance 
match between the LSP and the free space. The normalized surface 
impedance can be calculated in Eq. (20) 

Zeff

Z0
= zr,eff + jzi,eff =

1 + r
1 − r

(20)  

where Zeff is the effective surface impedance, and Z0 represents the 
impedance of the wave in a vacuum. When normalized surface imped
ance is close to 1, which means Zr,eff is nearly 1, and Zi,eff is nearly 0, an 
impedance match is perfectly achieved, with the reflectivity r being 
close to 0, generating decent absorption of energy. 

In the case of N = 2, 3, and 4, with Oct6 as the quasi-period sequence, 
the spectra of impedance match are shown in Fig. 5. 

In Fig. 5, the plots for (b), (d), and (f) show that, for the EMs in 
reverse propagation, the normalized surface impedance in 2.5–10 THz is 
approximately equal to 1 in the real part, and mainly around 0 in the 
imaginary part, resulting in significant absorption. However, the 
impedance in 0.1–2.5 THz does not obey this pattern, corresponding to 
poorer absorption. 

For forward propagation, this pattern is not observed in the 0.1–10 
THz. In Fig. 5(a), (c), and (e), the spline of Zr,eff is close to 0 from 2.5 THz 
to 10 THz and deviates from 1 in the 0.1–2.5 THz. Moreover, the spline 
of Zi,eff does not approach 0 in the most region within 0.1–10 THz, 
resulting in extremely low absorption. These observations confirm the 
correctness of the explanation of the impedance matching principle. 

The study of the electric field distribution is helpful in further 
describing the physical mechanism of absorption. The electric field 
distribution of the LPS, is presented in Fig. 6, at 8 THz, with N = 2 and 
deploying the Oct6 as the quasi-periodic sequence. The sequence of 
{{AGC}N-Oct6} is expanded from left to right. In Fig. 6(a), when the EMs 
are incident along the negative direction of the z-axis, the electric field is 
concentrated on the right side of the proposed LPS, specifically in the 
Oct6 region composed of graphene and air layers. This strong electric 
resonance effectively shortens the current loop within the lossy medium, 
leading to enhanced absorption. When the diffusion of the EMs is in the 
forward direction, as shown in Fig. 6(b), the electric field is predomi
nantly concentrated in the periodic sequence on the left side of the LPS, 
while the overall electric field in Oct6 is weak, which is attributed to the 
potent reflection by the {AGC}N periodic sequence, preventing the en
ergy from reaching the Oct6. 

3.1.2. The effect of M on the AB 
The impact of M on the bandwidth is a crucial factor to consider. In 

that N has a negligible effect on bandwidth, assuming N = 2 for brevity, 
and considering vertical incidence, with T = 300 K, the Thue-morse and 
Octonacci sequences have values of M that are 4, 5, and 6, respectively. 

Table 2 displays the optimized parameters, while the absorption dia
gram is depicted in Fig. 7.The absorption diagrams for reverse propa
gating EMs are displayed above, while those for forward propagation are 
below. 

In Fig. 7, a strong positive correlation between M and AB can be 
observed, which stems from an increase in the number of resonance 
structures. The absorption curve for the Octonacci sequence as the quasi- 
sequence is shown in Fig. 7(a). As M increases from 4 to 6, the upper 
cutoff frequency of the absorption curve in the reverse propagation 
undergoes a blue shift, changing from 8.7 THz to 10 THz, accompanied 
by a decrease in the oscillation of the curve in the 6–10 THz. The lower 
cutoff frequency also undergoes a redshift. However, a trough between 3 
and 5 THz is consistently present and red-shifted as M increases. For the 
forward wave, the curves between 3 and 10 THz remain flat and close to 
zero. In the 0.1–3 THz, the lower cutoff frequency shifts from 2.9 THz to 
2.3 THz as M increases, while the positions of both peaks and valley 
points in this band are gradually red-shifted, with the amplitude grad
ually magnified. 

In general, owning to the increase of M, the number of resonant 
structures is greatly aggrandized, which brings a better impedance 
matching, resulting in an increase of AB from 5.8 THz to 7.82 THz and 
lifting RBW from 100 % to 129.04 %. 

By utilizing the Thue-Morse sequence as a quasi-periodic sequence 
(as shown in Fig. 7(b) with M = 4, the absorption of the forward prop
agation waves exhibits two peaks at 0.9 THz and 2.7 THz, respectively, 
while that of the EMs in reverse propagation displays a low absorption 
rate ranging from 0.1 THz to 4.25 THz, which results in the formation of 
a narrow, ideal non-reciprocal absorption region between 4.25 THz and 
8.25 THz, with an AB of 4 THz and an RBW of 63.28 %. As the number of 
layers in the graphene film structure increases with M, the optimization 
of the algorithm is further enhanced, resulting in a blue shift of the upper 
cutoff frequency and a redshift of the lower cutoff frequencies, respec
tively. This leads to a greater AB and RBW. For instance, when M = 5, the 
ideal absorption region expands to 2.7–9.1 THz, with corresponding AB 
= 5.4 THz and RBW = 74.91 %. When M = 6, the optimized ideal in
terval ranges from 2.35 THz to 9.8 THz, and the RBW is 122.63 %. The 
continuous improvement in the absorption effect can be attributed to the 
gradual amplification of the optimization gain facilitated by the CGWO 
with an increase in the number of media layers, resulting in a better 
impedance-matching effect. Notably, despite the varying value of M, the 

Fig. 6. The dispersion of electric field in the LPS at 8 THz, for the EMs propagating alone (a) the positive direction of z-axis (b) the opposite direction.  

Table 2 
The relative optimized parameters of Fig. 7.  

M The quasi- 
period 
sequence 

εa da 

(μm) 
db (μm) εc dc 

(μm) 
μc 

(eV) 

4 Octonacci  92.927  56.792  19.615  95.787  98.337  0.197 
5  87.632  1.370  12.715  1.222  11.395  0.211 
6  99.480  1.292  9.5001  1.000  12.053  0.070 
4 Thue-morse  74.334  0.996  7.855  1.819  8.176  0.298 
5  1.955  5.74  6.438  80.670  0.864  0.244 
6  97.836  1.194  13.596  1.035  13.334  0.169  
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RBW remains above 63 %, attesting to the superior absorption perfor
mance of the structure under the assistance of optimization algorithms. 

Furthermore, as the value of parameter M increases, the optimization 
outcomes of the two sequences become more similar. In contrast, when 
M is small, the Octonacci sequence exhibits significantly better perfor
mance than the Thue-morse sequence. These findings suggest that an 
increase in the number of layers can further obscure the differences in 
superiority between the two structures. 

3.2. Angle-insensitive and non-reciprocal absorption 

3.2.1. The specific results 
Graphene holds tremendous potential for achieving angular stability 

in structures. To investigate the probability of non-reciprocal and 
angular-insensitive absorption, the CGWO method is utilized. The 
optimization task now becomes a dual-objective optimization, with the 
objective functions being bandwidth and angular stability. 

Moreover, as there exists a positive correlation between the value of 
M and AB, set M to 6. In that the effect of N on bandwidth is negligible 
when M is 6, N is taken to 2 during the optimization. 

Finally, six different sets of non-reciprocal and high-angle absorption 
results for the two structures are obtained, due to the differences in the 
frequency band, bandwidth, and angular stability. The specific results 
and optimized parameters are presented in Table 3. 

Herein, the absorption of forward-propagating EMs is defined as A, 
and that of backward-propagating EMs as oppA. To quantify the differ
ence in absorption rates, the isolation degree S is introduced, which is 
defined as S = oppA-A. Based on the findings, posit that S > 0.8 

represents an ideal condition for unidirectional absorption, where the 
absorption of backward-propagating EMs, oppA, should exceed 0.9 and 
that of forward-propagating EMs, A, should be <0.1. 

Table 3 reveals that the angular stability under the TM mode out
performs that under the TE mode in terms of efficacy, with the former 
achieving a high degree of over 80◦ in most cases, and up to 87◦, while 
the latter only reaches a maximum of 70◦. Notably, a clear trend emerges 
in which the diminution of the frequency range, for the same sequence, 
results in improved angular stability performance, particularly under 
the TE mode. For example, As the AB increases from 3 THz to 5 THz, the 
angular stability under the TE mode reduces from 70◦ to 60◦, and under 
the TM mode, it decreases from roughly 85◦ to 80◦. Hence, it is possible 
to tailor the degree of importance assigned to angular stability and 
bandwidth size by modifying relevant parameters in the objective 
function, thereby achieving the desired effect. 

To simplify the presentation of the absorption results, only cases 2 
and 5 are shown in Fig. 8. In this plot, a negative incidence angle cor
responds to the TE polarization mode, while a positive angle represents 
the TM mode. The absorption results of the back propagating EMs are 
shown in Fig. 8(a) and (c), with the ideal region having an absorption 
rate >0.9 being enclosed by a blue solid line. On the other hand, the 
absorption effects of the forward propagating EMs are displayed in Fig. 8 
(b) and (d). The ideal region is separated by a white line, within which 
the absorption rate remains below 0.1. The overlapping region of these 
two areas represents the expected non-reciprocal absorption region. 

Taking the Thu6 as the quasi-periodic sequence, with the optimized 
region of 2–5 THz, the absorption results of backward propagation and 
forward propagation are displayed in Fig. 8(a) and Fig. 8(b), 

Fig. 7. The optimization results of taking different values of M when (a) Octonacci sequence, (b) Thue-morse sequence are respectively used as quasi- 
periodic sequences. 

Table 3 
Results of optimization for non-reciprocal angle stability and the relative parameters.  

Structure Optimized scope RBW Angular stability Case number εa da (μm) db (μm) εc dc (μm) μc (eV) 

Thu6 3–8 THz 90.9 % TE: 60◦ TM: 80◦ 1  2.154  9.653  15.629  99.784  1.498  0.132247 
2–5 THz 85.7 % TE: 70◦ TM: 84◦ 2  98.931  2.396  29.16  2.14  15.569  0.10063 
2–7 THz 110 % TE: 65◦ TM: 70◦ 3  100  1.705  19.282  1.885  12.859  0.110898 

Oct6 3–8 THz 89.9 % TE: 60◦ TM: 80◦ 4  100  1.443  14.836  2.365  9.8  0.10553 
1.5–4.5 THz 100 % TE: 70◦ TM: 86◦ 5  2.11  18.714  32.406  99.352  2.576  0.100 
2–5.9 THz 98 % TE: 65◦ TM: 87◦ 6  99.104  1.952  24.851  2.458  12.748  0.101  
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Fig. 8. Large-angle non-reciprocal absorption profiles corresponding to the conditions in cases 2, and 5. (a)(b) denote case 2, (c)(d) present case 5.  

Fig. 9. Absorption effect profiles with M taken to (a) M = 3, (b) M = 4, (c) M = 5, (d) M = 6.  
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respectively. The ideal non-reciprocal absorption region is represented 
by the overlapping section inside of the white solid lines in both figures. 
The unidirectional absorption bandwidth is 3 THz, with a RBW of 85.7 
%, and the angle maximum is 70◦ under the TE mode and 84◦ under the 
TM mode. In Fig. 8(b), the area of the ideal region (where the absorption 
rate is <0.1) is extensive, and only the region with high incidence angles 
in the 1.5–2.5 THz under TM mode does not meet the condition. This 
implies that the nonreciprocal large-angle absorption region is deter
mined by the absorption during backward propagation. As depicted in 
Fig. 8(a), under the TM mode, most areas with incident angles lower 
than 84◦ exhibit absorption rates >0.9, while under the TE mode, only 
areas below 70◦ satisfy the rule. Furthermore, all defects within the ideal 
areas are optimized. 

Likewise, when the Oct6 serves as the quasi-periodic sequence, a 
similar outcome is achieved within 1.5 to 4.5 THz. As shown in Fig. 8(d), 
the region where the absorption is below 0.1 is roomy, with only the 
high angle incidence component within 1.5–2.5 THz failing to meet the 
criteria. Therefore, the nonreciprocal absorption region is determined 
by the absorption during the backward propagation of EMs. Under the 
TM mode, the angle maximum is as high as 86◦ in Fig. 8(c), whereas, for 
the TE waves, it is only 70◦, that for TE waves, as the frequency de
creases, the regions with high incidence angles fail to satisfy impedance 
matching, resulting in absorption rates below 0.9. Lastly, the absorption 
bandwidth is 3 THz, with a RBW of 100 %, and the angle maximum is 
70◦ under the TE mode and 86◦ under the TM mode. 

3.2.2. Effect of M on angular stability 
As the influence of N is weakened by M, the focus here is solely on the 

impact of M on the angle stability. While keeping the other conditions of 
the 6th case in Table 3 constant, the values of M range from 3 to 6. The 
absorption of the waves propagating in the opposite direction is depicted 
in Fig. 9. 

The blue solid line in Fig. 9 represents the ideal absorption region, 
which is the portion where the absorption is above 0.9. At M = 3, the 
maximum continuous AB is only 0.8 THz, with angular stability reaching 
56◦ under the TE mode and 36◦ under the TM mode. However, when M 
is raised to 4, the high absorption region expands swiftly. The maximum 
absorption angle for the TE waves reaches 60◦, while that under the TM 
mode reaches 58◦. Simultaneously, the bandwidth expands to 2.6 THz. 

Upon raising M to 5, the ideal absorption region expands further, and 
the maximum incidence angle reaches 65◦ under the TE mode and 
nearly 70◦ under the TM mode. The absorption rate in the 4–6 THz with 
the 40–60◦ incident angle region improves to >0.9. Additionally, the 
absorption bandwidth is further improved, with AB reaching 3.68 THz 
and RBW measuring 98.5 %. Finally, at M = 6, RBW reaches 98 %, and 
the absorption area expands to 65◦ under the TE mode and 87◦ under the 
TM mode. To sum up, it is evident that both the bandwidth and wide- 
angle absorption are amplified with increasing values of M. 

3.3. Impacts of μc 

3.3.1. Effect of μc on the AB of the nonreciprocal absorption 
To investigate the impact of the chemical potential on broadband 

absorption at normal incidence, the Fermi level is incrementally raised 
from 0.1 eV to 1 eV, with N is 2, and taking Oct6 as the quasi-period 
sequence. The optimized results and the relative parameters are sum
marized in Table 3. 

A clear negative correlation between the Fermi level and the ab
sorption bandwidth is demonstrated in Table 4. Notably, when μc is set 
to 0.1 eV, the maximum AB value reaches 7.78 THz, with a corre
sponding RBW value of 127.33 %. It is worth noting that the AB remains 
consistently high, ranging from 7.13 THz to 7.78 THz, while the RBW 
remains above 110 %, for μc ranging from 0.1 eV to 0.3 eV. As μc in
creases from 0.4 eV to 0.6 eV, AB gradually decreases from 5.53 THz to 
4.68 THz, and RBW decreases rapidly from 94.45 % to 66.7 %, before 
stabilizing at 61.5 %. Between 0.7 eV and 1 eV, AB remains stable at 
approximately 2.5THz, with a RBW ranging from 26.4 % to 32.42 %. At 
μc = 1 eV, AB reaches a minimum of 2.33 THz and RBW reaches a 
minimum of 26.4 %, which still exceeds the threshold of 25 % for ultra- 
wide bandwidth absorption. The corresponding absorption curves for μc 
from 0.1 eV to 1 eV are presented in Fig. 10. 

As depicted in Fig. 10(a), the absorption curve of the back- 
propagating EMs exhibits an improvement in oscillation amplitude in 
the high-frequency band as μc is elevated. Moreover, the number of 
troughs and peaks ascends, as well as a gradual redshift of the upper 
cutoff frequency (at A = 0.9). In contrast, the lower cutoff frequency 
undergoes a persistent blue shift, particularly during μc transiting from 
0.3 eV to 0.4 eV, resulting in a sharp decrease of AB from 7.13 THz to 
5.53 THz. In Fig. 10(b), the absorption curve of forward propagating 
EMs displays a stable absorption rate below 0.1 in the high-frequency 
range as μc rises. At the same time, the number of wave peaks in the 
low-frequency range remains at 2, but the lower cutoff frequency (at A 
= 0.1) continues to blue shift. Markedly, a significant blue shift occurs 
during the transition of μc from 0.6 eV to 0.7 eV, resulting in a rapid 
decline of AB from 4.68 THz to 2.79 THz, while RBW decreases from 
61.5 % to 32.42 %. 

Due to the negative correlation between chemical potential and 
bandwidth, for all the ultra-wide bandwidth absorption effects obtained 
in this paper, the corresponding chemical potentials are between 0.001 
eV and 0.3 eV. 

3.3.2. Effect of μc on angular stability 
To investigate how the chemical potential μc affects angular stability, 

values of μc are varied from 0.1 eV to 0.7 eV in ascending order, based on 
the fifth case conditions in Table 5. The corresponding large-angle ab
sorption profiles are presented in Fig. 11. 

As depicted in the figure, the absorption effect is poorest when μc is 
0.7 eV, with the portion satisfying the criterion (A > 0.9) mainly 
concentrated in the 30–89◦ range of incidence angle in the TM mode at 
3–4.5 THz, exhibiting a weaker absorption effect under the TE mode, 
and the AB at vertical incidence is only 0.3 THz. When μc is 0.5 eV, the 

Table 4 
The comparison of absorption when μc are taken to different values.  

μc (eV) AB RBW εa da (μm) db (μm) εc dc (μm)  

0.1 7.78 THz 127.33 %  1.000  12.394  10.915  100  1.254  
0.2 7.63 THz 123.36 %  100.000  1.268  11.195  1.000  11.860  
0.3 7.13 THz 110.80 %  1.000  10.756  11.987  100.000  1.150  
0.4 5.53 THz 94.45 %  1.258  8.442  14.046  73.742  1.519  
0.5 5 THz 66.70 %  2.836  5.285  12.12  94.629  1.102  
0.6 4.68 THz 61.50 %  97.539  0.747  12.258  1.222  7.544  
0.7 2.79 THz 32.42 %  87.913  0.376  12.292  2.481  7.77  
0.8 2.62 THz 30.18 %  1.515  5.820  12.397  45.461  1.225  
0.9 2.47 THz 28.21 %  39.314  1.487  12.481  1.239  3.792  
1 2.33 THz 26.40 %  44.213  1.546  12.553  1.000  6.535  
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ideal absorption region in the TM mode extends to 2.7 THz, while the 
angle stability under the TE mode is limited to 40◦. The AB increases to 
1.4 THz, and the RBW reaches 45.1 %. As the Fermi level decreases, the 
absorption effect improves, and finally, when μc is 0.1 eV, the absorption 
effect of large-angle ultra-broadband achieves the best performance. A 
100 % RBW is attained, while the angular stability reaches 86◦ under the 
TM mode and 70◦ under the TE mode. 

This confirms the previous speculation that a smaller chemical po
tential results in a wider bandwidth. It is also observed that achieving 
angular stability is easier under the TM mode than under the TE mode. 
Generally, decreasing the chemical potential leads to better angular 
stability, with a more pronounced effect under the TE mode. 

Finally, Table 5 provides an analysis of the differences between our 
current work and the existing THz absorbers. In comparison to previous 
achievements, our absorber demonstrates clear advantages in terms of 
bandwidth and angular stability. Additionally, it exhibits a rare non- 
reciprocal characteristic that is not commonly found in most absorbers. 

Based on these findings, we firmly believe that the proposed ultra- 

Fig. 10. Absorption curves of different values of chemical potential for the EMs in (a) the reverse propagation, (b) the forward propagation.  

Table 5 
Comparison of the performance of different terahertz absorbers.  

Reference Operating 
band (A >
0.9) 

AB RBW Angular 
insensitivity (A 
> 0.9) 

Having non- 
reciprocity? 

TE 
mode 

TM 
mode 

[34] 6.39–9.47 
THz 

3.08 
THz 

38.8 
% 

8◦ 8◦ No 

[35] 3.39–5.96 
THz 

2.57 
THz 

54.9 
% 

40◦ 40◦ No 

[36] 2.6–3.5 THz 0.9 
THz 

29.5 
% 

45◦ 45◦ No 

[37] 5.78–6.48 
THz 

0.7 
THz 

11.42 
% 

60 62 No 

Our work 1.5–4.5 THz 3 
THz 

100 % 70◦ 86◦ Yes  

Fig. 11. Diagrams of absorptance for (a) μc = 0.7 eV, (b) μc = 0.5 eV, (c) μc = 0.3 eV, (d) μc = 0.1 eV.  
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wideband, angle-insensitive, and non-reciprocal absorber holds 
tremendous application potential in various fields, including military 
stealth, energy harvesting, and addressing electromagnetic wave 
pollution. 

4. Conclusion 

In summary, a nonreciprocal ultra-wide bandwidth structure with 
excellent angular insensibility is fulfilled, which is comprised of the 
periodic and quasi-periodic sequences, made of graphene-embedded 
LPS. The breaking of spatial symmetry and unique absorption proper
ties of graphene led to the successful optimization of each parameter in 
CGWO, resulting in perfect unidirectional absorption across the 
2.15–9.97 THz with a RBW of 129.04 %. Furthermore, in a specific band 
within 0.1–10 THz, the angular stability is achieved at 70◦ under the TE 
mode, and 86◦ under the TM mode, with a corresponding RBW of 100 %. 
The ultra-broadband absorption phenomenon is explained by the 
impedance matching principle. What is more, the impact of N and M on 
perfect absorption has been examined, revealing that N has only a minor 
effect on bandwidth when M is large, and its primary role is to enable 
non-reciprocity. As M increases, both the absorption bandwidth and 
angular stability improve, which is attributed to the rise in the number 
of resonance structures, and the effect remains steady after reaching a 
certain threshold. The effect of the Fermi level is also surveyed, and it is 
found that this parameter can significantly tune the entire absorption 
spectrum. Following optimization, the proposed structure showcases 
tremendous potential in addressing design challenges within the realm 
of optoelectronic devices. It offers promising solutions to a wide range of 
problems, including but not limited to EM wave pollution, military 
stealth applications, and advancements in solar cell technology. The 
CGWO algorithm can be widely applied in various optical fields, such as 
the design of optical absorbers, sensors, and communication systems, to 
improve their performance and efficiency. 
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