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An optimized metastructure switchable between
ultra-wideband angle-insensitive absorption and
transmissive polarization conversion: a theoretical
study

Zhao Tang, You-Ran Wu, Si-Ying Li and Hai-Feng Zhang *

An optimized metastructure (MS) switchable between ultra-wideband (UWB) angle-insensitive absorption,

and transmissive linear-to-circular (LTC) polarization conversion (PC), is proposed, which is a theoretical

study. The structural parameters of this MS are optimized by the thermal exchange optimization algor-

ithm. By modulating the chemical potential (μc) of the graphene-based hyperbolic metamaterial

embedded in the MS, the MS can achieve UWB absorption in the absorption state and LTC PC in the

transmission state. At normal incidence, in the absorption state, the MS exhibits absorptivity exceeding 0.9

within 7–15.45 THz, with a relative bandwidth (RBW) of 75.28%. By elevating μc, an UWB LTC PC is rea-

lized, with a RBW of 118.8%, achieving transmittance above 0.9 and the axial ratio below 3 dB. When prior-

itizing the angular stability, in the absorption state, the MS secures the angular stability of 75° for TE waves

and 65° for TM ones. In the transmission state, the angular stability of PC reaches 60°, with RBW =

100.7%. Moreover, by manipulating μc, the tunability of UWB absorption is realized. The optimized MS pro-

vides a reference for designing multifunctional intelligent terahertz modulators, with promising appli-

cation potential in domains like electromagnetic shielding, communication systems, and THz modulation.

1. Introduction

Electromagnetic waves (EWs) are a form of electromagnetic
radiation, which have various propagation modes. The spectra
of EWs encompass a broad range of wavelengths, including
microwave, terahertz (THz) band, and visible light, and others.
The THz band is particularly noteworthy, which, owing to its
strong penetration capability and vast potential for future
applications, holds significant value in fields such as
imaging,1–3 security monitoring,4,5 and communication
technologies.6,7 Due to the abundant utilization potentiality of
THz waves, in recent years, there has been a surge of interest
in manipulating and controlling THz waves in terms of ampli-
tude, phase, polarization states, and other aspects.8 However,
the natural world lacks materials that naturally interact with
THz waves, rendering the manipulation of them a challenging
endeavor. To address this huedle, metastructure (MS) has been
proposed, which is an artificial medium topology structure.9

Through the precise design of the microstructure, MS is able

to precisely control the EWs. Consequently, the advent of MS
has opened new avenues for exploring and utilizing THz
waves. THz absorbers10 and polarization converters11 stand
out as potent tools enabling precise control and manipulation
of THz waves.

Absorbers can absorb the energy of EWs, which holds sig-
nificant value in domains like military stealth and addressing
electromagnetic pollution. In recent years, numerous types of
THz absorbers have been proposed, encompassing ultra-wide-
band (UWB) absorbers,12–14 dual-band absorbers,15,16 and
multi-band absorbers,17,18 among others. In response to the
increasingly intricate electromagnetic environment, the
demands for UWB absorbers in terms of bandwidth and
angular stability of incident angle are progressively escalating.
In 2021, Wu et al. presented a dynamically tunable THz UWB
absorber based on vanadium dioxide (VO2).

19 At vertical inci-
dence, the relative bandwidth (RBW) with absorptivity surpass-
ing 0.9 reached 82.7%. Moreover, for both the transverse elec-
tric (TE) and transverse magnetic (TM) waves, the angular
stability reached 55°, yet the corresponding absorption
threshold was merely 0.75. In 2022, Wang et al. introduced an
asymmetric T-shaped resonator, achieving an absorptivity
exceeding 80% with a RBW of 31.69%.20 However, the angular
stability of this absorber was not investigated. In summary,
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there is a multitude of absorbers in the THz band currently
available. However, currently, issues persist regarding insuffi-
cient absorption bandwidth and limited angular stability.

Polarization converters can manipulate polarization states
and hold significant potential in fields like circularly polarized
antennas,21,22 antenna radomes,23 and sensors.24,25 With the
advancement of communication technology, traditional line-
arly polarized antennas face challenges in terms of suscepti-
bility to interference and stringent requirements on the direc-
tion of the incident EWs, making them less suitable for practi-
cal applications. Circularly polarized waves (CPWs), on the
other hand, possess unique advantages like low sensitivity to
multiple paths, and atmospheric effects of absorption and
reflection. This has led to increasing adoption of CPWs in
both civilian and military applications, prompting a surge of
interest in developing linear-to-circular (LTC) polarization con-
verters. LTC polarization converters, designed to transform lin-
early polarized waves into CPWs, can be broadly classified into
two main categories: reflective type26–28 and transmissive
type.29–32 The reflective polarization converters often encoun-
ter challenges such as mixing reflected CPWs with incident
linearly polarized waves, as well as a signal blockage in the
feed. On the other hand, transmissive LTC polarization conver-
ters can effectively address these issues, making them a focal
point of research in recent years.

In 2020, Arnieri et al. introduced a LTC polarization converter,
which achieved PC with a transmittance exceeding 0.9 and main-
tained the angular stability up to 50°.30 However, its operational
frequency range is limited to 17.6–22.4 GHz, with a RBW of only
24%. In the same year, Hou et al. proposed an all-dielectric
device capable of achieving transmissive LTC PC within
0.555–0.737 THz with a RBW of 28.17%, and consideration for
angular stability was absent.31 In 2022, Wu et al. introduced a
double-layer structure, enabling LTC PC within 0.46–0.62 THz,
accompanied by a transmittance exceeding 0.82 and RBW =
29.6%.32 However, the study did not explore the angular stability.
Overall, existing transmissive polarization converters continue to
grapple with challenges related to limited transmittance, oper-
ational bandwidth, and angular stability.

The absorbers and polarization converters mentioned
above, due to their single functionality and fixed operational
frequencies, struggle to meet the escalating requirements for
modulating EWs. As THz technology advances and working
environments become more intricate, the prevailing direction
of modulating THz is to devise tunable devices that offer mul-
tifunctional integration.33,34 In pursuit of achieving multifunc-
tional integration in THz devices, researchers have been
exploring the incorporation of active photonic materials, such
as black phosphorus,35,36 liquid crystal,37,38 VO2,

39,40 and
graphene.41,42 The properties of these materials can be modu-
lated through the application of an external excitation field,
enabling the reconfigurability of the device. In 2020, Yan
et al.33 introduced a switchable device based on VO2, incorpor-
ating both UWB absorption and LTC PC. In absorption state,
the proposed device exhibited absorption properties within
0.74–1.62 THz. The corresponding absolute bandwidth (AB)

and RBW are 0.87 THz and 75% respectively. However, the study
solely addressed the angular stability of the incident angle
under the TE mode, which was only 35°. In reflective state, a
reflective LTC PC is realized. The AB of PC was only 0.8 THz,
and the corresponding RBW reached 42.7%. The angular stabi-
lity was maintained at 50°. Furthermore, graphene-based hyper-
bolic metamaterial (GHM) serves as a type of uniform medium
with hyperbolic dispersion and anisotropic dielectric constants.
It can generate surface currents that confine incident EWs
within the structure, thereby exhibiting the capability to absorb
EWs.43,44 Moreover, the chemical potential (μc) of the GHM can
be effectively modulated by applying a bias voltage, thus altering
their absorption characteristics.45 This tunability paves the way
for achieving the reconfigurability of GHM-based devices. In the
current state, the designs that integrate UWB large-angle absorp-
tion, and transmissive LTC PC are relatively scarce.

In this paper, a switchable MS that incorporates GHM is
proposed. Through the application of a bias voltage to modu-
late the μc of GHM, the MS gains the versatility to transition
between absorption and transmission states, consequently
integrating the functionalities of UWB large-angle absorption
and transmissive LTC PC. The structural parameters of the MS
play a pivotal role in influencing its performance. The conven-
tional design approach involves creating multiple versions
with different structural parameter sets and then comparing
metrics like bandwidth to determine the optimal configur-
ation. While the design experience of researchers can reduce
the number of design iterations, manual parameter selection
often lacks precision, resulting in suboptimal choices. This
study harnesses the thermal exchange optimization (TEO)
algorithm,46 pioneered by Kaveh et al. in 2017. This algorithm,
drawing inspiration from Newton’s cooling law, boasts various
strengths such as superior accuracy, rapid convergence, and
robustness. It is utilized to propel the transfer matrix method
(TMM),47 fine-tuning the values of permittivities and thick-
nesses of dielectrics within the MS, alongside optimizing the
μc of the GHM. The TEO algorithm presents a promising
avenue for automating the configuration of structural para-
meters within the MS. This can significantly streamline the
design process, and alleviate the costs associated with trial
and error. For the optimized MS, considering only normal inci-
dence, in absorption state, the UWB absorption interval with
an absorptivity exceeding 0.9 spans from 7 to 15.45 THz, with
AB = 8.45 THz and RBW = 75.28%. By altering the μc of the
GHM, the MS transitions into the transmission state. Within
3.9–15.32 THz, an UWB LTC PC is achieved, manifesting an
associated AB of 11.42 THz and a RBW of 118.8%. Delving
further, the angular stability of both absorption and PC in the
MS is taken into account. In the absorption state, an UWB
absorption within 8.9–13.1 THz is achieved, showcasing a
RBW of 38.2%. Notably, the angular stability for TE and TM
waves stands at 75° and 65°, respectively. In the transmission
state, an impressive RBW of 100.7% for UWB PC within
4.37–13.23 THz is realized, with the angular stability reaching
60°, demonstrating excellent performance in terms of angular
stability. Furthermore, the theory of impedance matching is
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introduced to elucidate the physical mechanism of UWB
absorption. By scrutinizing the distribution of electric field
and impacts of periodicity number on MS’s performance, the
roles of each sequence within the MS are investigated. Finally,
the tunability of UWB absorption is realized by adjusting the
μc of the GHM in the MS. The proposed MS offers a range of
advantages, including multifunctionality, wide operating fre-
quency range, decent angular stability, and flexible controll-
ability. It provides valuable insights for developing intelligent
and multifunctional THz devices and holds immense appli-
cation prospect in domains such as THz modulation, com-
munication systems, and electromagnetic shielding.

2. Model construction and theory
2.1 The configuration of the MS

Fig. 1(a) presents a frontal view of the incident mode of the
EWs entering this MS. The electric field orientation of the inci-

dent EWs aligns parallel to the x–y plane and forms a 45°
angle with the +x-axis. Therefore, the electric field can be
resolved into two mutually orthogonal components: Ex and Ey,
which respectively align with the +x-axis and +y-axis, and
correspond to the TE and TM waves.48 This signifies that the
incident EWs are linearly polarized. The depicted configur-
ation of the proposed MS is presented in Fig. 1(b), which com-
prises dielectric A, air layer (B), GHM, and indium antimonide
(D). The GHM, composed of medium C and graphene is abbre-
viated as G in the sequence for simplicity. The composite
materials are arranged in a periodic sequence of (GBGBG)N1-
(AD)N2 to form this versatile MS, where N1 and N2 respectively
represent the number of unit sequences (GBGBG) and (AD).
The EWs and coordinate axes are depicted in Fig. 1(b). The
direction of the +z-axis signifies the incident trajectory and
outgoing propagation direction of the EWs. θ represents the
incident angle.

Without loss of generality, the structure is placed in air and
the working temperature Te (see eqn (1)) is 300 K. The thick-

Fig. 1 (a) A front view of the incident mode of the EWs entering the MS. (b) The schematic configuration of this proposed MS. (c) The schematic
diagram of GHM voltage application.
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nesses of the mediums A, B, C, and D are severally symbolized as
dA, dB, dC, and dD. Meanwhile, the permittivities of A and C are
denoted as εA and εC. Additionally, the μc of GHM embedded in
the proposed MS in absorption and transmission states are
denoted as μc1 and μc2 respectively. All these variables are con-
sidered as independent variables in the objective function and
are optimized by TEO. However, in that N1 and N2 are discrete
and positive integers, which contradicts the continuous search
space of TEO, the values of N1 and N2 are determined through an
exhaustive method. This can substantially decrease the compu-
tational burden during the optimization process and afford an
opportunity to assess the influence of the period numbers on the
performance. Furthermore, the feed pattern of the GHM layers is
illustrated in Fig. 1(c). In Fig. 1(c), the proposed MS is positioned
on a silicon dioxide substrate. The top of the (GBGBG)N1 sequence
has a direct connection to the gold electrode. A positive bias
voltage bias voltage is applied to the gold electrodes, while a
negative voltage is applied to the silicon dioxide substrate.
Through this approach, the application of a bias voltage effec-
tively allows for the modulation of the GHM’s μc.

49–51

2.2 The calculation of the TMM

Graphene, due to its ability to support surface plasmon exci-
tations at THz frequencies, has emerged as an ideal material
for absorbing THz waves. The inter-band and intra-band con-
ductivities of the graphene, are donated as σinterg and σintrag

respectively, and can be computed utilizing the Kubo
formula,52,53 represented by eqn (1) and (2):

σintrag ¼ ie2kBTe

ℏ2π ωþ i
τ

� � μc
kBTe

þ 2 ln e
�μc
kBTe þ 1

� �� �
; ð1Þ

σinterg ¼ i
e2

4πℏ
ln

2μc � ℏðωþ i=τÞ
2μc � ℏðωþ i=τÞ
����

����; ð2Þ

here e represents the electron charge, ħ denotes the reduced
Planck constant, and kB stands for the Boltzmann constant. ω is
the angular frequency of incident EWs, and τ is the phenomeno-
logical scattering rate, which is 10−13 s. Subsequently, the electri-
cal conductivity (σg) of graphene can be described by eqn (3):52,53

σg ¼ σinterg þ σintrag : ð3Þ

Based on the Kubo model, the effective dielectric constant,
εG, can be expressed as shown in eqn (4):52,53

εG ¼ 1þ iσg
ωε0dG

: ð4Þ

In this equation, ε0 denotes the vacuum permittivity, and
dG represents the thickness of graphene, which is nm.54

Different from conventional graphene-based materials, GHM
possesses anisotropic characteristics with uniaxial dielectric
tensor components. These components can be approximated
written as eqn (5)–(7):55

ε¼
εx 0 0
0 εy 0
0 0 εz

2
4

3
5; ð5Þ

εx ¼ εy ¼ εk ¼ εGdG þ εCdC
dG þ dC

; ð6Þ

εz ¼ ε? ¼ εGεCðdG þ dCÞ
dG þ dC

; ð7Þ

where ε∥ and ε⊥ represent the parallel and perpendicular com-
ponents of the permittivity of GHM respectively. According to
Snell’s law, the refractive index at an incident angle θ can be
expressed as eqn (8):56

ng ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2?
εk

� ε?
εk

ð1� εk
ε?

Þ sin2 θ

s
: ð8Þ

For the anisotropic indium antimonide (InSb), the equation
for the dielectric constant is displayed as eqn (9):47

ε̂i ¼
εxx 0 jεxz
0 εyy 0
�jεxz 0 εxx

0
@

1
A; ð9Þ

where the components εxx, εxz, and εyy can be expressed as eqn
(10):47

εxx ¼ ε1 1� ωp
2ðωþ jvÞ

ω½ðωþ jvÞ2 � ωc
2�

 !

εxz ¼ ε1
�ωp

2ωc

ω½ðωþ jvÞ2 � ωc
2�

εyy ¼ ε1 1� ωp
2

ωðωþ jvcÞ
� �

8>>>>>>>><
>>>>>>>>:

: ð10Þ

Here, ωp represents the plasma frequency, defined as Ne2/
(ε0m*). ν = 10−6ωp denotes the plasma collision frequency.57 ωc

stands for the cyclotron frequency. N is a function of tempera-
ture Te, and its calculation is shown as eqn (11):47

N ¼ 5:76� 1014Tee
�1:5072�10�7

Te : ð11Þ
When incident EWs are under TE and TM modes respect-

ively, the dielectric constant of InSb exhibits certain differ-
ences, as shown in eqn (12) and (13):47

εTED ¼ εyy; ð12Þ

εTMD ¼ εxx2 � εxz2

εxx
: ð13Þ

In this paper, the TMM is employed to calculate the trans-
mission characteristic of EWs through the MS. For dielectrics
A, B, and GHM, the transfer matrix at the ith layer can be rep-
resented as eqn (14):47

Mi ¼ cos δi � j
ηi
sin δi

�jηi sin δi cos δi


 �
; ði ¼ A;B;GHMÞ; ð14Þ

where δi and ηi respectively represent the phase thickness and
admittance of the ith layer medium. They are the functions of
the dielectric constant εi and thickness di of the ith layer
material, and the specific calculation equations of δi and ηi
can be found in ref. 48.
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InSb exhibits a transfer matrix under TE mode that aligns
with that of conventional mediums. However, due to its an-
isotropy under TM mode, the transfer matrix for InSb experi-
ences alteration, represented as eqn (15):47

MTM
D ¼ m11 m12

m21 m22

� �
;

m11 ¼ cosðkzdDÞ þ kxεxz
kzεxx

sinðkzdDÞ;

m12 ¼ � j
ηTM 1þ kxεxz

kzεxx

� �2
 �
sinðkzdDÞ;

m21 ¼ �jηTM sin kzdDð Þ;
m22 ¼ cosðkzdDÞ � kxεxz

kzεxx
sinðkzdDÞ:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð15Þ

The methods for calculating kz, kx are detailed in ref. 48.
Eventually, the overall transfer matrix of the MS is represented
as eqn (16):47

Mtotal ¼
Y5�N1þ2�N2

i¼1

Mi ¼ m11 m12

m21 m22


 �
: ð16Þ

Subsequently, the calculation of the transmission and
reflection coefficients of the incident EWs passing through the
MS, which are denoted as t and r respectively, can be found in
ref. 47. For the incident EWs, the transmittance (T ) is rep-
resented as T = |t|2, while the reflectance (R) is denoted as R =
|r|2. The absorptivity, denoted as A, can be calculated as A = 1
− R − T. In this study, the absorptivity for TE and TM waves
are severally denoted as ATE and ATM, and both of them greater
than 0.9 is considered the threshold for ideal absorption.58

Significantly, the transmission coefficient also takes the
form t = |t|ejφ, where φ denotes the phase of the transmitted
EWs. For TE and TM waves, these phases are denoted as φTE

and φTM, respectively. Consequently, the phase difference (Δφ)
between these two waves can be calculated as Δφ = φTM − φTE.
Then, the AR, employed to discern the polarization state of the
EWs, is expressed as eqn (17):59

AR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jTTEj2 þ jTTMj2 þ

ffiffiffi
a

p

jTTEj2 þ jTTMj2 �
ffiffiffi
a

p
s

; ð17Þ

a ¼ jTTEj4 þ jTTMj4 þ 2 � jTTEj2 � jTTMj2 � cosð2ΔφÞ; ð18Þ
where TTE and TTM correspondingly denote the transmittance
of TE and TM waves. A transmitted wave is regarded as
circularly polarized when the AR is less than 3 dB.59 In this
paper, both TTE and TTM exceed 0.9, with AR less than 3 dB,
signifying the desired achievement of efficient transmissive
LTC PC.

2.3 The introduction of the TEO algorithms

The specific workflow is illustrated in Fig. 2. Firstly, similar to
other intelligent meta-heuristic algorithms, the population
coordinates, representing the initial temperatures of the
agents, are initialized in the search space, by eqn (19):46

T0
i ¼ Tmin þ ran � ðTmax � TminÞ: ð19Þ

In eqn (19), i represents the ith individual, Tmin and Tmax

are the lower and upper bounds, respectively, for the variables
to be optimized, and ran is a random value between 0 and 1.
Next, the fitness of all individuals is calculated using the
objective function, and the current best solution and cost are
stored in the thermal memory. Then, all individuals are
divided into two groups: the cooling object group and the
environmental group. The environmental temperature is
updated using eqn (20):46

Tenv
i ¼ ð1� ðc1 þ c2 � ð1� tÞÞ � ranÞ � Tenv′

i ; ð20Þ

where Tenv
i is the updated environmental temperature, and c1

and c2 signify control variables. Tenv′
i represents the precious

temperature of the environment, and t = l/L, where l denotes
the current iteration number, and L is the maximum number
of iterations. Based on the principles of heat exchange from
physics, the temperature of all objects is updated according to
eqn (21):46

Tnew
i ¼ Tenv

i þ ðTold
i � Tenv

i Þe�βt: ð21Þ

Here, Tnew
i represents the updated temperature of the

object, while Told
i stands for the previous temperature of the

object. The symbol β signifies the ratio between the current
individual’s temperature and the population’s lowest tempera-
ture. Therefore, individuals with lower costs have smaller β

values, resulting in smaller changes in their positions.
However, this may lead to getting trapped in local optima. To
prevent falling into that, a parameter Pro is introduced, which
determines whether to modify a specific element in an agent’s
position vector. If ran < Pro, then a random dimension of the

Fig. 2 The working flow of TEO algorithm.
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ith individual is selected, and its value is mutated according to
eqn (22):46

Ti;j ¼ Ti;min þ ran � ðTj;max � Tj;minÞ; ð22Þ
where, Ti,j is the jth variable of the ith individual. Tj,max and
Tj,min severally represent the upper and lower bounds of the jth
variable. Finally, it is checked whether the maximum iteration
count has been reached. If not, the updating loop continues.

3. The results and verification

Firstly, only considering the normal incidence (θ = 0°), the
structural parameters of the MS are optimized by TEO with the
AB in the absorption and transmission states as the objective
functions. The specific optimized parameters are shown in
Case 1 in Table 1.

The absorption state corresponds to μc1 = 0.0144 eV, and
the absorption curves are depicted in Fig. 3(a). The ideal
absorption is achieved within 7–15.45 THz. The AB is 8.45
THz, with RBW = 75.28%, indicating the realization of UWB
absorption, which can be attributed to the perfect impedance
matching between the MS and free space. Here, the theory of
impedance matching is introduced to explain UBW absorp-
tion. The normalized surface impedance can be computed
using eqn (23):60

Zeff
Z0

¼ Zr;eff þ j � Zi;eff ¼ 1þ r
1� r

; ð23Þ

where, Zeff represents the effective surface impedance of this
MS, and Z0 denotes the vacuum wave impedance. The ratio of
these two yields the normalized surface impedance, which can
be divided into a real part Zr,eff and an imaginary part Zi,eff.
When the normalized surface impedance approaches 1, it indi-
cates a perfect impedance match between the MS and free
space. In this case, Zr,eff approaches 1, Zi,eff is nearly to be 0,
and the reflection coefficient r approaches 0, suggesting that
incident EWs are minimally reflected and mostly absorbed.
The impedance matching curves for TE and TM waves are sev-
erally depicted in Fig. 3(b) and (c).

Between 7–15.45 THz, the impedance matching curves for
TE and TM waves are highly similar, with the real parts
approaching 1 and imaginary parts near 0, demonstrating the
presence of UBW absorption in this region. However, on both
sides of this interval, the impedance matching curves for TE
and TM waves diverge differently, due to the anisotropy of
InSb.61 Consequently, both the real and imaginary parts
exhibit strong oscillations near 1 and 0, respectively, leading to
poorer absorption performance.

To further investigate the physical mechanism of UBW
absorption, a frequency of 8.52 THz, corresponding to a peak
absorptance of 99.97% for TE and TM waves, is selected for
electric field distribution analysis. Since the absorptances of
TE and TM waves are identical at 8.52 THz, only the electric
field distribution under the TE mode is presented in Fig. 4.
The currents primarily distribute within the sequence of
(GBGBG)N1, on the left side of the MS. This is because the
introduction of defect layers (B) in this sequence leads to
energy localization, and the lower μc allows GHM to undergo
intrinsic absorption, absorbing EWs. Therefore, it is hypoth-
esized that the absorption functionality of MS is primarily
accomplished by this sequence, and is independent of the
sequence of (AD)N2.

When μc is modulated to 0.98 eV, the MS is switched to the
transmission state. The results of transmissive LTC PC are
shown in Fig. 5. The variation of AR in the frequency domain
is displayed in Fig. 5(a). Within 3.9–15.58 THz, AR < 3 dB is
achieved, indicating the realization of UBW PC. Fig. 5(b) pre-
sents the transmittance spectra of TE and TM waves. TTM < 0.9
only occurs below 3.8 THz, and TTE < 0.9 only exists within
15.32–17 THz, showing excellent transmittance performance.
This can be attributed to the higher μc hindering electronic
transitions within GHM, thereby suppressing the intrinsic
absorption of EWs. Simultaneously, due to the excellent impe-
dance matching between MS and the free space, EWs are
seldom reflected and instead significantly pass through the
MS. The Δφ of the outgoing EWs is illustrated in Fig. 5(c),

Table 1 The structural information if this JM

εA εC dA (μm) dB (μm) dC (nm) dD (μm) μc1 (eV) μc2 (eV) N1 N2

Case 1 1.32 3.5 6.55 6.3 20.65 0.046 0.0144 0.98 20 15
Case 2 1.16 2.68 7.89 8.44 20 0.072 0.016 0.992 25 10

Fig. 3 (a) The spectra of absorption for such a MS. The plots of impe-
dance matching for (b) TE waves, and (c) TM ones.
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which primarily alternates between approximately 90° and
−270°, indicating that the transmitted EWs are right-handed
circularly polarized. Overall, UWB transmissive LTC PC is
achieved within 3.9–15.32 THz, corresponding to AB = 11.42
THz and RBW = 118.32%. The disparities in phase and trans-
mittance observed between the outgoing TE and TM waves are
due to the anisotropy of InSb. Functioning as a negative refrac-
tive index material, the periodic arrangement of InSb with the
positively refractive index material A enables the outgoing EWs
to maintain specific phases, consequently achieving PC.

Furthermore, since the period numbers N1 and N2 are
crucial features of the MS, it is essential to investigate their
impacts on both absorption and PC. Firstly, the influences of
N1 on the absorption bandwidth at normal incidence are dis-
cussed. The AB is given by AB = fh × fl, where fh and fl severally
represent the upper and lower cutoff frequencies. When N1 is
taken as 15, 20, 25, and 30, the corresponding lower cutoff fre-
quencies are denoted as fl1, fl2, fl3, and fl4, respectively.
Similarly, the corresponding upper cutoff frequencies are fh1

,
fh2

, fh3
, and fh4

. The distinct influence of various N1 on the
absorption bandwidth is presented in Fig. 6. Specifically,
Fig. 6(a) displays the absorption pattern for TE waves, while
Fig. 6(b) illustrates the absorption behavior for the TM waves.

With the gradual increase in N1, fl progressively shifts from
7.28 THz to 6.62 THz, with the magnitude of this shift gradu-
ally reduced. And fh has a blue shift, increasing from 14.45
THz to 17.33 THz. The AB and RBW both exhibit an incre-
ment. This phenomenon can be attributed to the augmenta-
tion of GHM layers with the increased N1, resulting in a
greater number of resonance peaks. The interaction and coup-
ling of these numerous resonance peaks contribute to the
broadening of the absorption spectrum. Compared Fig. 6(a)
with Fig. 6(b), the absorption curves for TE and TM waves
apparently remain consistent within 6–16 THz. However, devi-
ations appear in the absorption curves beyond 16 THz.
Specifically, beyond 16 THz, the absorptivity for TM waves sur-
passes that for TE waves, and the absorption curve exhibits
oscillatory behavior. This is because of the anisotropic effect of
InSb, resulting in enhanced absorption of EWs beyond 16 THz
under the TM mode.

Furthermore, the impacts of gradually increasing N2 from 5
to 20 on the absorption are depicted in Fig. 7, with Fig. 7(a)
and (b) severally illustrating the absorption outcomes for TE
and TM waves. The absorption curves for both waves closely
align, displaying only minor disparities within 16–17 THz,
which does not affect the magnitude of the absorption band-
width. Different values of N2 are represented by distinct colors

Fig. 4 The distribution of electric field of within the MS in the absorption state at a frequency of 8.52 THz.

Fig. 5 In the transmission state, the transmissive PC is achieved with (a)
displaying the AR, (b) showing the TTM and TTE and (c) indicating the Δφ.

Fig. 6 The impacts of N1 on the absorption for (a) TE and (b) TM
modes.
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on the absorption curves. Notably, variations in N2 exhibit no
influence on UWB absorption. The absorption interval
remains within 7–15.45 THz, with AB maintaining at 8.45 THz,
and the RBW measuring at 75.28%. Therefore, the absorption
functionality of the MS is primarily governed by the (GBGBG)N1

segment.
Then the impacts of N1 and N2 on the bandwidth of the PC

are investigated, with the MS switched to the transmission
state. Firstly, by varying the value of N1 while keeping the other
conditions constant, the corresponding spectra of AR, TTM,
TTE, and Δφ, are illustrated in Fig. 8(a)–(d), respectively. In
Fig. 8, the variation of N1 has a negligible influence on AR,
TTM, TTE, and Δφ, resulting in the fl of the PC bandwidth
remaining at 3.9 THz. However, with N1 increasing from 15 to
30, the bandwidth satisfying TTM > 0.9 decreases, and the fh
lessens from 15.58 THz to 15.16 THz, leading to a decrease in
AB from 11.68 THz to 11.26 THz, with the RBW fluctuating
around 119%. This is because the increase in the number of
GHM and defect layer (B) enhances the impedance matching

between the MS and the environment, progressively improving
the absorption capability and, consequently, reducing the
transmission bandwidth. Overall, the changes of N1 have little
impact on the PC bandwidth. This is due to the symmetry of
the (GBGBG)N1 sequence, which constrains the ability of inci-
dent EWs to rotate within the sequence, making it challenging
for this sequence to influence PC effects.

Moreover, the impacts of N2 on the PC are illustrated in
Fig. 9. Specifically in Fig. 9(a), the AR is significantly influ-
enced by N2. However, in Fig. 9(b) and (c), the curves of TTE
and TTM display minimal sensitivity to N2 and their variations
essentially have negligible effects on the changes in PC band-
width. Hence, the primary factor influencing the bandwidth of
the PC is the variation in AR. When N2 is 5, the PC bandwidth
is 0, with AR remaining consistently above 3 dB. As N2

increases to 10, the PC bandwidth with AR < 3 dB expands to
2.54 THz, with a RBW of 56.2%, achieving UWB PC within
3.25–5.79 THz. Furthermore, as N2 reaches 15, the PC band-
width maximizes at 11.42 THz, accompanied by a max RBW of
118.8%. This is primarily due to the enhanced coupling effects
of material A and InSb caused by the heightened N2, which
enhances the modulation of incident EWs, progressively
amplifying the PC bandwidth. However, with N2 escalated to
20, in Fig. 9(a), the AR curve corresponding to a bandwidth of
less than 3 dB exhibits a blue shift in fl and a red shift in fh.
This leads to a decrease in the PC bandwidth to 9.91 THz, and
a reduction in RBW to 100.8%. This is because the mutual
interaction between medium A and InSb at N2 = 20, introduces
additional phase difference to EWs, thereby affecting the

Fig. 7 The profiles of absorption curves for (a) TE and (b) TM waves,
which are corresponding to various values of N2.

Fig. 8 The effects of N1 on the transmissive PC with (a) displaying the
AR, (b) depicting the TTM, (c) showing the TTE and (d) indicating the Δφ.

Fig. 9 The impacts of N2 on the transmissive PC with (a) depicting AR,
(b) showing the TTE, (c) displaying the TTM, and (d) indicating the Δφ.
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efficiency of PC. The corresponding Δφ curve is depicted in
Fig. 9(d). Notably, at N2 = 15 and 20, Δφ predominantly fluctu-
ates around −90° and 270°, corresponding to better PC band-
widths. Conversely, at N2 = 5 and 10, Δφ deviates from −90°
and 270°, exhibiting poor phase matching conditions that lead
to a smaller PC bandwidth. In summary, the variations in N2

have a profound influence on the PC. Particularly, when N2 is
around 15, the PC bandwidth is maximum, achieving UWB
PC. Consequently, it is signally that the PC functionality of the
MS is predominantly realized by the sequence (AD)N2.

The preceding discussion has presented UWB absorption
and transmissive LTC PC, however, all of which are established
based on normal incidence conditions. The angular stability
holds significant value across applications involving absorp-
tion and LTC PC. As a result, the research focus has shifted
towards devising a tunable MS that is switchable between
UWB absorption and PC with exceptional angular stability.
With the angular stability optimized by TEO, a MS capable of
toggling between large-angle absorption and transmissive PC
is introduced. The specific structural parameters of this MS
are outlined in Table 1, as the Case 2. The influences of
diverse periodic numbers on its performance in achieving
large-angle absorption and transmissive PC have been investi-
gated. This comprehensive exploration provides valuable
insights into balancing performance and manufacturing costs
for this switchable MS.

Modulating the μc of the GHM to 0.016 eV, the MS exhibits
large-angle absorption functionality. Given that the absorption
functionality is primarily governed by the sequence
(GBGBG)N1, the values of N1 are set to 15, 20, 25, and 30, while
keeping N2 fixed at 15. The corresponding results for large-
angle UWB absorption are illustrated in Fig. 10. To differen-

tiate between the TE and TM modes, the incident angle is
negative for TE waves, while that is positive for the TM waves.
The region encompassed by solid black lines signifies absorp-
tivity exceeding 0.9, indicative of the desired high absorption.
Prioritizing the angular stability and bandwidth respectively
leads to two distinct options. When the angular stability takes
precedence, the optimized results are represented by the blue
boxes in Fig. 10. For N1 = 15, in Fig. 10(a), the corresponding
absorption region entails AB = 3.2 THz and RBW = 28.3%.
Under the TE mode, the angular stability reaches 75°, and it
attains 60° under the TM mode. In Fig. 10(b) with N1 = 20,
under the same angular stability condition, AB expands to 3.6
THz, accompanied by a rise in RBW to 31.7%. Subsequently,
in Fig. 10(c) at N1 = 25, AB is 3.85 THz, with RBW = 31.2%.
This corresponds to a maximum angular stability of 75° for TE
waves and 65° for TM waves. Maintaining the same angular
stability, as N1 reaches 30, in Fig. 10(d), AB increases to 4.2
THz, while RBW reaches 38.2%, indicating the achievement of
large-angle UWB absorption. The angular stability is found to
be improved as N1 increases. This can be attributed to the aug-
mentation of the GHM and B, which enhances the multi-layer
interference phenomenon at a specific frequency range for
varying incident angles. Consequently, this reinforcement of
absorption effects is observed across different angles.

When prioritizing the bandwidth, the ideal UWB absorp-
tion region is delineated by the purple boxes. For N1 = 15 in
Fig. 10(a), the max AB within 7–15 THz reaches 6.5 THz,
corresponding to a RBW of 55.3%. Under the TE mode, the
maximum absorption angle is 53°, whereas, under the TM
mode, it is only 20°. While keeping the angular stability con-
stant, as N1 increases, the fh remains at 15 THz, while the fl
gradually shifts from 8.5 THz to 7.6 THz, resulting in the
gradual augmentation of both AB and RBW. In Fig. 9(d) when
N1 reaches 30, AB and RBW attain values of 7.4 THz and 65.5%
respectively. Overall, the increase in N1 enhances the impe-
dance matching between the MS and free space, thereby elevat-
ing the absorption performance of the MS.

Altering the μc to 0.992 eV, the MS is switched to trans-
mission state, demonstrating the large-angle transmissive LTC
PC. As the PC functionality is primarily governed by (AD)N2, N2

is set to be 5, 10, 15, and 20, while maintaining N1 at 25, to
examine the influence of N2 on the angular stability of the PC.
Since Fig. 9 establishes that AR is the chief factor affecting the
bandwidth of transmissive PC, the impacts of N2 on the
angular stability of AR are initially explored, as depicted in
Fig. 11. In Fig. 11, the regions satisfying AR < 3 dB are deli-
neated by white circles, representing the realization of LTC PC.
In Fig. 11(a) and (d), when N2 is 5 and 20, respectively, the MS
exhibits comparatively diminished PC performance. At N2 = 5
in Fig. 11(a), the PC displays angle-insensitive behavior solely
around 4 THz and 14 THz. For N2 = 20 in Fig. 11(d), the PC
predominantly manifests within 9–13 THz, accompanied by
incident angle spanning from 50° to 65°. Notably, when N2 is
10 or 15, the large-angle UWB PC is achieved, vividly portrayed
in Fig. 11(b) and (c). Specifically, for N2 = 15, at θ = 0°, within
5.86–12.66 THz, AR < 3 dB is satisfied. As θ escalates, both fh

Fig. 10 The angle-insensitive absorption with (a) N1 = 15, (b) N1 = 20,
(c) N1 = 25, and (d) N1 = 30.
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and fl undergo a blue shift, yet fl experiences a more pro-
nounced shift, consequently causing a gradual reduction in
the overall AB. At θ = 60°, AR < 3 dB is observed within
8.72–15.08 THz. For N2 = 10, the area covered by AR < 3 dB is
most favorable, indicating the best angular stability. At θ = 0°,
AR < 3 dB is presented from 4.37 THz to 13.23 THz. Similar to
the case of N2 = 15, both fh and fl experience a blue shift, with
an overall decrease in AB. When θ is 60°, AR < 3 dB emerges
between 7.25 THz and 15.55 THz, displaying excellent angular
stability of PC. Overall, the insufficient number of layers of the
(AD)N2 leads to inadequate control over the passing EWs, while
an excessive number of layers introduces additional phase
differences that weaken the PC effect. N2 = 10 corresponds to
the best angular stability performance for AR.

When N2 is 10, the variations of the transmittance and Δφ
with increasing incident angle for the MS in transmission
state are severally illustrated in Fig. 12. In Fig. 12(a), to dis-
tinguish between TE and TM modes, the incident angle is
negative for the TE waves, while the positive angle denotes the
TM mode’s incident angle. At θ = 0°, both TTE and TTM are
greater than 0.9 within 4.47–13.03 THz. Under the TE mode,

the transmittance between 4 to 5 THz is lower than that under
the TM mode, while between 14 to 16 THz, the situation is
reversed, which arises from the anisotropy of InSb. Overall,
under both modes, the angular stability for T > 0.9 exceeds
60°, showcasing excellent angle-insensitive transmissive PC.
Fig. 12(b) reveals that as the frequency and θ increase, Δφ alter-
nates between approximately 90° and −270°, signifying that
the transmitted EWs are right-handed circularly polarized.

Conventional absorption devices lack controllability, which
results in a fixed absorption range upon design completion,
making them less adaptable to complex electromagnetic
environments. Therefore, the tunability of the MS is of great
importance. By applying a voltage to modulate the GHM’s μc,
the tunable absorption of the MS is achieved. Maintaining the
other parameters in Case 1 unchanged, the variations of the
absorption curves under TE and TM modes with various μc are
presented in Fig. 13(a) and (b) at vertical incidence. The μc is
set to 0.01 eV, 0.03 eV, 0.05 eV, and 0.07 eV respectively.
Compared Fig. 13(a) with Fig. 13(b), the MS absorption curves
under TE and TM modes exhibit consistency within 7–15 THz.
However, some differences emerge within 15–18 THz.
Particularly, at μc = 0.03 eV, a notable dissimilarity arises
between TE and TM modes in the absorption behavior within
16.5–18 THz. Under the TM mode, absorption is significantly
higher than that under the TE mode, which can be attributed
to the absorption of TM waves by InSb. With an increase in μc,
the fl of the ideal absorption region, where ATE and ATM both
exceed 0.9, experiences a blue shift. It moves from 7.71 THz to
13.61 THz. When μc is 0.01 eV, the ideal absorption achieves
its maximum AB and RBW values of 8.71 THz and 72.2%,
respectively. Conversely, with μc at 0.07 eV, the minimum
values of AB and RBW are severally 2.61 THz and 17.5%.
Generally, as μc increases, both AB and RBW gradually
decrease. This arises from the elevated hindrance faced by
electron transitions within GHM, caused by the heightened μc,
which consequently dampens the intrinsic absorption of
GHM. However, at μc = 0.03 eV, this decreasing trend is not
observed. The corresponding AB = 4.15 THz is smaller than
the μc = AB at 0.05 eV, which is 7.02 THz. This anomaly is

Fig. 11 The variation of AR with (a) N2 = 5, (b) N2 = 10, (c) N2 = 15, and
(d) N2 = 20.

Fig. 12 The variation of (a) T with increasing incident angle, and (b)
Δφ with increasing incident angle.

Fig. 13 The absorption curves with different values of μc for the (a) TE
and (b) TM waves.
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caused by the suboptimal impedance matching of the MS with
the free space, leading to a red shift of fh to 12.73 THz. Overall,
varying μc yields distinct positions and magnitudes of ideal
absorption intervals, demonstrating the flexible tunability of
the MS absorption.

Furthermore, the connection between the μc and the
absorption of EWs at different incident angles is also investi-
gated. Maintaining the other parameters of Case 2 constant, μc
is varied with values of 0.01 eV, 0.03 eV, 0.05 eV, and 0.07 eV.
The corresponding absorption varying with θ is illustrated in
Fig. 14.

At a μc value of 0.01 eV, Fig. 14(a) demonstrates the optimal
angular stability within the absorption characteristics.
Notably, the ideal absorption zone is concentrated between 10
to 14 THz, attaining an angular stability of 70° for TE waves
and 60° for TM waves. As μc escalates, demonstrated across
Fig. 14(b)–(d), the absorption zone gradually contracts while
migrating toward higher frequency spectra. The emergence of
a photonic band gap in Fig. 14 creates intervals that dissect
the heightened absorption area, subsequently compromising
angular stability. Broadly, heightened μc values correspond to
diminished angular stability. Optimal angular stability is
notably discernible at a μc of 0.01 eV. Additionally, varying the
values of μc prompt shifts in the locations of the ideal absorp-
tion zones, thereby enabling the tunability of the absorption
functionality.

In this paper, the magneto-optical medium InSb is intro-
duced to achieve the PC function. Under the Voigt effect, the
dielectric constant of the InSb exhibits tensor form. In the
section of the calculation of the TMM, the TMM is derived by
considering the effective refractive index of InSb, making it
applicable for calculating multilayer periodic dielectric
arrangements. To validate the accuracy and effectiveness of the
results obtained using this approach, the TMM is derived

based on the Voigt effect.62 Subsequently, a comparative ana-
lysis is conducted between the results obtained from the two
TMMs.

Due to the complete decoupling of TM and TE modes in
the Voigt geometry,63 for the InSb, the property under the TE
mode is exclusively influenced by the εyy component in the
tensor, demonstrating isotropy. Consequently, the focus
centers on the derivation of the TMM based on Voigt effect
and the validation of the results under the TM mode. For the
TM waves, under the Voigt effect, the dielectric tensor of
magneto-optical medium InSb can be expressed as eqn (24):62

ε̂i ¼
ε 0 jΔ
0 ε 0
�jΔ 0 ε

0
@

1
A; ð24Þ

where, ε represents εxx, and Δ is equivalent to εxz. Then the
effective dielectric constant can be shown as eqn (25):62

ε′ ¼ ε2 � Δ2

ε
: ð25Þ

For ordinary materials, the Δ is 0. Hence, the derived
method is equally applicable to media A, B, and G. Then the z
and x components of wave vector of in the ith layer can be cal-
culated as eqn (26) and (27) respectively:62

kzi ¼ ω

c
�
ffiffiffiffiffi
ε′i

p
� cos θi; ði ¼ A;D;G;BÞ; ð26Þ

kxi ¼ ω

c
�
ffiffiffiffiffi
ε′i

p
� sin θi; ði ¼ A;D;G;BÞ: ð27Þ

The usual propagation matrix Pi of ith layer can be obtained
as eqn (28):62

Pi ¼ eikzidi 0
0 e�ikzidi

� �
; ði ¼ A;D;G;BÞ: ð28Þ

The dynamical matrix Tij, guiding EWs transmission
through the interface from layer i to layer j, is illustrated in
eqn (29):62

T ij ¼ 1
2Ni

Ni �Mi þ Nj þMj Ni �Mi � Nj þMj

Ni þMi � Nj �Mj Ni þMi þ Nj �Mj

� �
;

ði; j ¼ A;D;G;BÞ;
ð29Þ

where the Mj (i) = [−ikxj (i)Δj (i)]/[εj (i)ε′j (i)] and Nj (i) = ikzj (i)/ε′j (i).
Eventually, the complete transmission matrix of the entire MS
in an air background can be depicted as eqn (30)

M ¼ T0GðPGTGBPBTBGPGTGBPBTBGPGTGGÞN1�1

PGTGBPBTBGPGTGBPBTBGPGTGAðPATADPDTDAÞN2�1

PATADPDTD0:

ð30Þ

Then the transmission coefficient t and reflection coeffi-
cient r of the EWs through the MS can be computed as t = 1/M
(1,1) and r = M(2,1)/M(1,1) respectively, and the transmittance,
reflectance and absorptivity of the EWs can be obtained.

For simplicity, validation has been performed solely on the
absorption and PC results under normal incidence for Case 1

Fig. 14 The absorption diagrams of the MS with (a) μc = 0.01 eV, (b) μc
= 0.03 eV, (c) μc = 0.05 eV and (d) μc = 0.07 eV.
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in Table 1. The angular-insensitive UWB absorption and PC
corresponding to the condition of Case 2 in Table 1 can also
be validated using the TMM based on the Voigt effect.

Specifically, in the absorption state, the comparison
between the calculated UWB absorption using the TMM based
on the Voigt effect and the original simulation results is illus-
trated in Fig. 15. In Fig. 15, the absorption performance
obtained by the TMM based on the Voigt effect closely aligns
with the original results, validating the reliability and reason-
ability of the simulation outcomes.

Additionally, in the transmission state, the PC results calcu-
lated by the TMM based on the Voigt effect and the original
results are illustrated in Fig. 16. In Fig. 16(b), the transmit-
tance obtained from TMM based on the Voigt effect is slightly
lower than the original results within 3–16 THz, while remain-
ing consistent within 16–17 THz. This is because the original
method ultilizing the equivalent refractive index of InSb, over-
looks a negligible loss factor, resulting in slightly higher simu-
lated transmittance. However, in Fig. 16(a) and (c), the curves
of AR and Δφ obtained by the two calculation methods exhibit
a high level of consistency, demonstrating the reliability and
validity of the original simulation results.

Fig. 15 The comparison between the origin absorption results and that
obtained by TMM based on Voigt effect.

Fig. 16 The comparison of the verified PC results and the origin out-
comes, with (a) showing the AR, (b) displaying the TTM and (c) exhibiting
the Δφ. T
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Eventually, a comparison between the optimized MS and
the existing absorbers and polarization converters is summar-
ized in Table 2. The proposed MS not only integrates the func-
tionalities of absorption and transmissive LTC PC but also
exhibits significant advantages in bandwidth, angular stability,
and transmittance of PC, rendering it capable of flexibly adapt-
ing to even more intricate electromagnetic environments.

4. Conclusion

In this paper, an optimized MS switchable between UWB
angle-insensitive absorption and transmissive LTC PC is pro-
posed. The manipulation of a bias voltage to regulate the μc of
the GHM enables the MS to seamlessly transition between
absorption and transmission states. In the absorption state, at
normal incidence, within 7–15.45 THz, the UWB absorption is
achieved, featuring an AB of 8.45 THz and a RBW of 75.28%.
When emphasizing the angular stability, angle-insensitive
absorption is realized from 8.9 THz to 13.1 THz. Notably, the
angular stability extends to 75° for TE waves and 65° for TM
waves. In the transmission state, focusing solely on normal
incidence, the UWB LTC PC is achieved within 3.9–15.32 THz.
The optimized AB measures 11.42 THz, with a RBW of 118.8%.
When accounting for oblique incidence, the MS exhibits angle-
insensitive PC within 4.37–13.23 THz, corresponding to an AB
of 8.86 THz and a RBW of 100.7%. The incident angular stabi-
lity reaches 60°. By analyzing the distribution of electric fields
and investigating the impacts of the period number N1 and N2

on the performance of the MS, the roles of each sequence
within the MS are explored. It is observed that N1 and N2 have
distinct effects on absorption and PC. Ultimately, by manipu-
lating the μc of the GHM, the tunability of UWB absorption is
achieved. This MS possesses a synergistic capability to handle
multiple functions, offering advantages such as ultra-wide
operating frequency, exceptional angular stability, and flexible
control. It can serve as a valuable reference for designing mul-
tifunctional devices and holds immense potential for appli-
cations in fields such as stealth technology, radar cross-section
reduction, communication systems, and electromagnetic pol-
lution management.
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