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An Ultra-Wideband Janus Metastructure with Graphene for
Detector Based on Anapole Mode in the Terahertz Region

Si-ying Li, Zhao Tang, Yang Cheng, and Hai-feng Zhang*

In this paper, an ultra-wideband Janus metastructure (MS) utilizing anapole
mode for detector in the terahertz (THz) range by graphene is proposed.
Specifically, when Fermi level (Ef) is set to 0.9 eV, the MS demonstrates
ultra-broadband absorption exceeding 0.9 from 0.754 to 5 THz in the
−z-direction with a relative bandwidth of 147.6 %, in which perfect absorption
of over 98% develops from 3.24 to 5 THz. In the case of the +z-direction, the
absorptivity maintains around 0.6 within the 0.745 ∼ 5 THz range. As Ef
equals 0 eV, the difference in absorption between the −z-direction and
+z-direction exceeds 0.9 from 4.49 to 4.76 THz. The study also explores the
MS for refractive index sensing near 3.71 THz by a unique difference
detection, measuring two refractive index ranges: 1.2 ∼ 2.6 and 4.5 ∼ 4.7,
with corresponding sensitivities of 0.0450 and 0.0304, respectively. Owing to
its highly symmetrical structure, the MS is insensitive to the polarization state
of the electromagnetic (EM) waves, performing remarkable angular stability as
the incident angle varies from 0 to 60 degrees in the −z-direction. These
splendid properties make the design a good candidate for biomedical sensing,
EM cloaking, and full-space EM wave control.

1. Introduction

Terahertz (THz) waves, falling within the electromagnetic (EM)
spectrum, span wavelengths from 0.03 to 3 mm.[1,2] Posi-
tioned between microwaves and infrared waves, THz waves oc-
cupy a transitional region bridging electronics and photonics.[3]

With their transient nature,[4] coherence,[5] and excellent pen-
etration capabilities,[6,7] THz waves find diverse applications
in biomedicine,[8] security detection,[9–12] and information
communication,[13] thus rendering them of significant research
value.
Metastructures (MSs) are artificially designed subwave-

length periodic composite materials that exhibit distinctive EM
properties,[14,15] including negative refractive index, EM-induced
transparency, and perfect absorption. The development of MSs
open up new opportunities for THz biosensing. By leveraging
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the localized enhancement of incident
EM waves at subwavelength scales, MSs
effectively enhance the sensitivity (S) of
sensing. However, conventional metal-
based THz MS detectors possess fixed
EM characteristics after fabrication and
are limited to specific frequencies.[16,17]

Consequently, researchers have exten-
sively explored tunable materials, in
which graphene is definitely a preferable
choice.
Graphene, a two-dimensional

honeycomb-like structure, displays
semimetallic properties in the mid-
infrared and THz range,[18,19] enabling
surface plasmon resonance within
this frequency range.[20] Due to its
exceptional peculiarities such as low
propagation loss, strong field con-
finement, and electrical tunability
compared to metals, graphene has
been widely employed in the design of
current THz sensors. To name but a

few, in 2018, Chen et al. devised a three-dimensional graphene
sensor capable of achieving perfect absorption across multiple
frequency bands,[21] while Zhang et al. proposed a three-band
THz sensor by graphene.[22] Nevertheless, they do not have the
excellent feature of wide absorption band width.
And the anapole mode, initially introduced by Zel’dovich in

1958 can substantially enhance the absorption and has gained
recognition in nuclear, molecular, and atomic physics.[23,24] It can
be represented as a polar current flowing on the surface of a cir-
cular ring, generating a concentrated static magnetic field con-
finedwithin the ring as well as possessing disruptive interference
traits between toroidal dipole moments (T) and electric dipole
moments (P). However, in the published academic research on
the anapole, most of the absorption and relative absorption band-
width (RABW) are not ideal. In 2021, Guo et al. introduced an
anapole mode-based MS operating in the THz band with an
absorption rate of less than 90 %.[25] Thus the design of ultra-
wideband absorption applying anapole mode needs to be solved
urgently.
In addition, most current MSs function solely in either pure

reflection mode or pure transmission mode, leaving a significant
portion of the EM spectrum unexplored. The concept of Janus
materials originated from a lecture by P. G. Gennes and has since
been embraced by the scientific community to describematerials
that possess distinct properties on opposing sides or surfaces.[26]

Over the past thirty years, a multitude of Janus materials have
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Figure 1. Schematic diagrams of the MS, a) the periodic array of the design, b) the left side unfolding view of the first layer of the design, c) unit structure
diagram, d,e) top views of the ORGS and RSG with dimensional parameters, f) the intermediate structure unfolding view of the MS.

been developed, leading to a wide range of new applications in
macro/microstructures.[27,28] including sensors,[29] cellular, drug
encapsulation,[30,31] and bionic interfaces.[32–34] It is important to
highlight that by introducing Janus properties, the capabilities
of MSs in controlling EM waves are enormously expanded, thus
stimulating the exploration of high-performancemultifunctional
devices capable of meeting more demanding and diverse appli-
cation requirements.[35–37]

In contrast to existing work,[38–40] this study presents a novel
Janus MS detector based on anapole mode with highly efficient
absorption in the THz range, achieved by leveraging the tun-
able properties of graphene. The MS exhibits distinct frequency-
selective effects in the forward (-z) and backward (+z) prop-
agation directions. Through control of the Fermi level (Ef) of
graphene, the absorption asymmetry between the forward and
backward directions can be dynamically modulated. Specifically,
when Ef is set to 0.9 eV, the proposed MS demonstrates ultra-
broadband absorption in the−z-direction (A-) exceeding 0.9 from
0.754 to 5 THz with a RABW of 147.6 %, in which perfect ab-
sorption of over 98% develops from 3.24 to 5 THz. While the
absorption in the +z-direction (A+) remains around 0.6 within
the 0.754 ∼ 5 THz range, indicating a significant difference in
absorption between the forward and backward directions (ΔA =
A- - A+). When Ef is 0 eV, corresponding to zero external volt-
age, the nonreciprocity becomes more pronounced. Particularly
noteworthy is the frequency range of 4.49 to 4.76 THz, where the
ΔA exceeds 0.9. Leveraging the differential absorption properties
resulting from the anapole mode and toroidal dipole modes, the
study explores the potential for refractive index sensing near 3.71
THz, where Ef equals 0 eV. It is discovered that the MS can mea-
sure refractive index (n) within two ranges: 1.2 ∼ 2.6 and 4.5 ∼

4.7, with corresponding S of 0.125 THz/RIU (S1) (S2 = 0.0450)

and 0.094 THz/RIU (S1) (S2 = 0.0304). Additionally, the study dis-
cusses relevant structural parameter and the absorption property
of the structure at different incident angles (theta) (defined as the
angle in the yoz plane between the incident EM waves and the
positive direction of z-axis) and polarization angles (phi) (defined
as the angle in the xoy plane between the incident EM waves and
the positive direction of x-axis). Notably, in the transverse mag-
netic (TM)mode (the electric field aligns with the x-axis, themag-
netic field aligns with the y-axis, and the wave vector aligns with
the z-axis), the MS exhibits remarkable angular stability as the
theta varies from 0 to 60 degrees in the −z-direction. This design
holds significant potential for applications in biomedical sensing,
radar stealth technology, and full-space EM wave control.

2. Design and Simulations

2.1. Theoretical Simulation of the Design

Figure 1a illustrates the periodic array diagram of the MS. The
terms “−z-direction” and “+z-direction” refer to the direction
of the wavevector (k-direction). The unit cell structure is de-
picted in Figure 1c, where the open-ring graphene structure
on the side (ORGS) is shown in Figure 1d. The ORGS, with
a thickness of t1, is positioned on a dielectric substrate with
a thickness of t2, as depicted in Figure 1b. The dielectric sub-
strate material is polyimide, which has a relative permittivity
of 3.5 and a loss tangent of 0.03.[41] To obtain Figure 1f, the
intermediate structure in Figure 1c is unfolded, resulting in
two containers made of silicon dioxide with a relative permit-
tivity of 1, serving as the host for the analyte. The gap be-
tween the two containers is formed by the open-ring graphene
structure in the middle (ORGM) and rectangular slits graphene
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Table 1. The detailed parameters.

Parameter a b C d e l

Value [𝜇m] 110 40 10 24 4 26

Parameter p h1 h2 t1 t2 t3

Value [𝜇m] 110 45 3 2.5 0.5 3

(RSG), aiming to enhance absorption. And the absorption rate is
calculated using the following formula:[42]

A(𝜔) = 1 − R (𝜔) − Tz (𝜔) − P (𝜔) (1)

where the reflectance is represented by R(𝜔) = |S11|
2, while the

transmittance is denoted by Tz(𝜔) = |S21|
2. Meanwhile, P(𝜔) in-

dicates the polarization conversion efficiency.
The central ORGM is identical to the side ORGS structure,

as illustrated in Figure 1e. The other detailed parameters can be
found in Table 1.
The dynamic surface conductivity of graphene in the THz

range, denoted as 𝜎g (𝜔), can be determined by applying the Kubo
formula.[44] The surface conductivity 𝜎g (𝜔) of graphene consists
of two distinct components: the intraband conductivity, 𝜎intra (𝜔)
and the interband conductivity, 𝜎inter (𝜔).

[43]

𝜎g (𝜔) = 𝜎intra + 𝜎inter (2)

where 𝜎intra (𝜔), and 𝜎inter (𝜔), can be mathematically expressed
by the following equations:[43]

𝜎intra(𝜔) =
−je2kbT

𝜋ℏ2(𝜔 + 2j𝜏)

(
𝜇c

kbT
+ 2 ln(e

𝜇c
kbT + 1)

)
(3)

𝜎inter(𝜔) =
−je2

4𝜋ℏ
ln

(
2𝜇c − (𝜔 + 2jΓ)ℏ
2𝜇c + (𝜔 + 2jΓ)ℏ

)
(4)

The symbol 𝜔 represents the angular frequency of incident THz
waves, e denotes the charge of an electron, kb refers to the Boltz-
mann constant, and ℏ is the reduced Planck constant defined as
ℏ = h/(2𝜋), where h is the Planck constant. Additionally, Г and
T correspond to 0.43 meV and 300 K,[44] respectively, represent-
ing specific values for the interband scattering rate and temper-
ature. In general, the interband conductivity of graphene can be
disregarded,[45] leading to the simplification of graphene’s sur-
face conductivity using the Drude model:[43]

𝜎g (𝜔) ≈
e2𝜇c

𝜋t2
j

𝜔 + j∕𝜋
(5)

Thus, the surface conductivity of graphene can be adjusted by
varying Ef. The relationship between the Ef of graphene and the
applied bias voltage is given by the following equation:[46]

𝜇c ≈ ℏVf

√
𝜋𝜀0𝜀rVg

et
(6)

where Vf = 1.1×106 m/s is the Fermi velocity of graphene, t rep-
resents the thickness of the dielectric layer, and Vg is the applied

bias voltage. Additionally, 𝜖0 and 𝜖r denote the permittivity of the
vacuum and the dielectric layer, respectively.
It is worth emphasizing that this work is theoretical in nature,

and the experimental aspects are beyond the scope of our study.
However, the data obtained from our simulations is reliable.With
the aid of commercial EM simulation software, High-Frequency
Structure Simulator (HFSS), we established the model and ob-
tained the data results. In the simulations, periodic boundary
conditions were set along the x- and y-axes, while spatial bound-
ary conditions were set along the z-axis. The EM wave, polarized
along the x-axis, was incident along the z-axis onto the MS. The
proposed design can be fabricated, and the specific fabrication
process can be found in the referenced literature.[47–50] However,
the structure is complex, and the accuracy of processing, toler-
ance, and temperature and pressure resistance need to be further
considered.
Due to the perfect symmetry of the proposed MS, simulation

results indicate that the effects are the same for both transverse
electric (TE) mode (electric field along the y-axis, magnetic field
along the x-axis, and wave vector along the z-axis) and TMmode.
Therefore, the subsequent discussion will primarily focus on the
TE mode.

2.2. The Mechanistic Analysis for Absorption

At an Ef value of 0.9 eV, graphene exhibits higher conductivity. In
the proposed MS, the ring apertures are arranged along the di-
agonal. When vertically incident TE-polarized waves are present,
the electric field aligns parallel to the y-axis. This excites oscillat-
ing charges that are perpendicular to the waist of the ring aper-
tures. Consequently, a strong P pointing occurs in the direction
perpendicular to the diagonal, as illustrated in Figure 2a. The os-
cillating charges induced by the incident EM waves give rise to
two radial currents (J) that flow along the edges of the ring aper-
tures, as indicated by the blue arrows. These opposing circulating
currents generate two opposing magnetic dipole moments (M),
labeled in purple. When the M are connected end-to-end, they
form a T pointing in the direction perpendicular to the diagonal,
described by the yellow arrows in Figure 2b.
The quantities P,M, and T can all be expressed in terms of the

current density J.[51]

P = 1
i𝜔 ∫ d3rJ (7)

M = 1
2c ∫ [r × J] d3r (8)

T= 1
10c ∫ d3r

[
r (r ⋅ J) − 2Jr2

]
(9)

where k is the wave number, c is the speed of light, and r is the
position vector.
Assuming that the toroidal dipole moment T and the electric

dipole moment P are positioned at the origin (r = 0), the total
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Figure 2. Schematic diagram of the formation principle of a) P,M, J, and b) T.

radiated electric field Etotal and magnetic field Htotal due to the
superposition of the two dipoles are given by:[51]

Etotal = EP + ET
=
[
(r⋅(P−ikT))F(𝜔,r)

c2r2
r − G(𝜔,r)

c2r
(P − ikT)

]
× exp(−ikr+i𝜔t)

r

(10)

Htotal = HP +HT

= − ikD(𝜔,r)

cr
[r × (P − ikT)] exp(−ikr+i𝜔t)

r

(11)

It is worth noting that according to the equation, when P =
ikT, anapole resonance occurs, and the superimposed electric
and magnetic fields vanish in the far field. However, in the near
field region (r= 0), a significant localization of EM energy occurs.
The expressions for this localization can be shown as:[51]

Etotal(r= 0) =ikT𝛿(r) exp (i𝜔t) (12)

Htotal(r = 0) =ikrot
[
T𝛿(r)

]
exp (i𝜔t) (13)

During anapole resonance, the destructive interference of the
P and T are brought about, at the same time inducing strong field
enhancement.
The structure as a square cavity by cooperating ORGSs and di-

electric substrates are introduced in our initial exploration. The
EM characteristics of the structure are depicted in Figure 3a. The
structure demonstrates absorption levels above 0.7 in the fre-
quency range of 0.168 to 5 THz, with a peak absorption value of
0.932 observed at 3.485 THz. Under the influence of the external
EM field, the far-field effects of the MS can be approximated as
the response of electric/magnetic multipoles and toroidal multi-
poles. To gain further insight into the absorptionmechanism, we
analyzed the scattered energy of the multipole scattering powers
(P, T, M, Qe, and Qm) as illustrated in Figure 3b. It can be ob-
served that the scattering power of the toroidal dipole moment T

Figure 3. EM properties of the square cavity: a) Absorption (A), reflectance (R), transmittance (T), and polarization conversion (P) curves with frequency,
b) multipole scattering power distribution.
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Figure 4. a) Contributions of P, M, T, Qe, and Qm and the amplitude of P and T are equal at fA = 2.30 THz. b) Phases of P and ikT, where the phase
difference of P and kT achieve 0 at fA.

is significantly larger than that of the othermultipoles, indicating
its dominant role in the absorption process of the structure.
To further enhance the difference between A- and A+, we in-

corporated the ORGM and RSG in the middle of the square cav-
ity. Based on the current distribution calculations, the multipole
scattering powers and phases for the ORGM are obtained. Figure
4a shows that the scattering powers of P and T are considerably
larger than those of other multipoles, demonstrating that P and
T play a dominant role in the structure. At the frequency of 2.30
THz (fA), when the incident EM wave is horizontally polarized,
the scattering powers of the electric dipole moment P and the
toroidal dipole moment T are equal, resulting in strong interfer-
ence and inducing anapole resonance, leading to a significant lo-
calization of the EM wave.

With the aim of validating the mechanism and characteristics
of the anapole resonance, simulations were performed to analyze
the vector current and vector magnetic field distributions when
the MS was vertically illuminated by TE waves at the frequency
fA, as shown in Figure 5. In Figure 5a, the electric field energy
is predominantly localized around the ring apertures, consistent
with the theoretical analysis mentioned above, thereby confirm-
ing the existence of the toroidal dipole moment T. Furthermore,
when TE waves at the frequency fA are vertically incident, the vec-
tor magnetic field inside the metasurface structure forms a loop
as displayed in Figure 5b, which is a significant characteristic of
the magnetic field distribution during anapole resonance, thus
confirming the theoretical analysis presented earlier. The agree-
ment between the simulation results and the theoretical analysis

Figure 5. a) Surface current diagram of the ORGM at fA, b) the magnetic field distribution at fA cross-section along the diagonal y = x.
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Figure 6. a) Absorption curves of the intermediate structures, b) the intensity of the R (forward reflection), Ranti (backward reflection), and T (transmis-
sion) of the intermediate structures.

provides strong evidence for the occurrence of anapole resonance
in the proposed MS and validates its underlying mechanism.
According to the analysis of the simulation results, it was

found that there was a substantial disparity in the absorption
characteristics between the forward and backward directions
when the middle structure was acting alone, as shown in Figure
6a. In Figure 6b, the maximum difference between forward re-
flection and backward reflection can reach 0.166.
By combining the middle structure with the square cavity,

a highly desirable differential A- and A+ effect is achieved. As
shown in Figure 7a, the structure achieves the A- above 0.9 in
the frequency range of 0.754 ∼ 5 THz with a RABW of 147.6
%, as well as a remarkable perfect absorption of 99.9% at 3.483
THz (f1). When the EM wave is incident from the opposite direc-
tion, the absorption maintains around 0.6 in the range of 0 ∼ 5
THz, and ΔA reaches its maximum value of 0.451 at 4.721 THz.
In Figure 7b, it is evident that the forward reflection maintains
a sustained level of around 0.6 in the frequency range of 0.5 to
5 THz, forming a high reflection window, while the forward re-
flection is roughly all below 0.2. And thanks to the addition of
the intermediate structure, an ultra-low transmittance band with
nearly 0 transmittance is formed. These results demonstrate the
effectiveness of the proposed design in achieving highly efficient
absorption and significant differentiation between forward and
backward propagation directions, making it suitable for applica-
tions requiring tailored absorption properties and control of EM
wave transmission.
For the sake of exploring the perfect absorption mechanism of

the MS at the specific frequency point f1, the surface current dis-
tributions are analyzed. The results in Figure 8 provide insights
into the current flow and electric field localization. It can be ob-
served that in the TE mode, the excitation occurs on the side and
perpendicular to the y-axis of the annular graphene aperture, as
depicted in Figure 8a. A significant amount of electric field is lo-
calized around the annular region, indicating a concentration of
energy. In comparison, as shown in Figure 8c, there is a smaller
current distribution on the ORGM, with the electric field mainly

concentrated at both ends of the y-axis.When it comes to the RSG
in Figure 8d, the surface current is mainly distributed at the sin-
gle slit and in the hollow area of the ORGM in front, while the
current intensity is still smaller. In the TM mode, the excitation
occurs on the side and perpendicular to the x-axis of the annular
graphene aperture, as illustrated in Figure 8b. The electric field
distribution in the middle structure is similar to that in the TE
mode, exhibiting less localized electric field energy, distributed
mainly at both ends of the x-axis. These observations provide
further evidence of the localization of electric field energy and
the role of specific components in the MS, contributing to the
achievement of perfect absorption at the specific frequency point
f1.
Leveraging the tunability of graphene, it has been discovered

that as Ef varies from 0.9 eV to 0 eV, as described in Figure 9,
the ΔA increases. In Figure 9a, the absorption in the forward
direction remains relatively stable at a higher value across the
range of Ef values considered. On the other hand, the absorp-
tion in the backward direction exhibits a decreasing trend as the
Ef decreases, which is illustrated in Figure 9b. This implies that
the MS becomes less effective in absorbing energy in the back-
ward direction at lower Ef values. In particular, when Ef is 0 eV, as
demonstrated in Figure 7c, theA- remains above 0.6 and achieves
an absorption value of 0.987 at 3.71 THz. It can be observed from
Figure 7b that the backward reflectionmaintains a higher value of
above 0.8, while the forward reflection reaches a minimum value
of 0.070. This significant contrast between forward and backward
reflections confirms the achievement of a pronounced difference
in absorption between the two directions. Notably, the structure
exhibits three absorption bands above 0.9 in the forward direc-
tion (1.435 ∼ 2.212 THz, 3.606 ∼ 3.797 THz, 4.486 ∼ 4.767 THz),
among which the ΔA exceeds 0.9 in the frequency range of 4.49
∼ 4.76 THz, indicating a strong difference in the forward and
backward absorption response of the MS.
The analysis of the surface current distribution at the perfect

absorption point f2 (3.71 THz) when Ef is 0 eV provides insights
into the behavior of the design. In the TE mode, the incident
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Figure 7. Absorption curves charts, a) Ef = 0.9 eV, c) Ef = 0 eV. The diagrams of the intensity of R, Ranti, T, b) Ef = 0.9 eV, d) Ef = 0 eV.

electric field wave excites the ORGS perpendicular to the y-axis,
with the electric field primarily distributed in the upper half of
the ORGS. Conversely, in the TM mode, the excitation mainly
occurs on the right side of the ORGS, with the electric field pre-
dominantly localized in its left half. Interestingly, The ORGM in
the middle structure exhibits relatively low absorption of electric
field energy in both TE and TM modes, as shown in Figure 10c.
This suggests that the ORGM is not the primary contributor to
the absorption at the perfect absorption point f2. And the electric
field energy is mainly localized at the single slit and the edge of
the RSG in Figure 10d. Overall, the surface current distribution
analysis provides further evidence of the absorption mechanism
and highlights the specific regions where the electric field en-
ergy is localized, emphasizing the roles of the ORGS and RSG in
achieving the perfect absorption response at f2 in the TE mode.
In an effort to gain further insight into the energy flow within

the MS and to highlight the differences between forward and
backward incidence, we conducted an energy flow analysis by
adding monitors. By analyzing the energy flow at cross-section

A (as shown in Figure 11a), validating the reasons behind the dif-
ferences between A- and A+ can be fulfilled.
From Figure 12a, it can be observed that when Ef = 0.9 eV, at

the perfect absorption point of 3.483 THz, a significant amount
of EM waves from forward incidence is absorbed by the ORGS,
then reflected by the middle structure, with only a small portion
transmitting through. This results in excellent energy confine-
ment. In the backward incidence case, the energy flow analysis
shows a different pattern. a large amount of energy is transmitted
through the ORGS but reflected by the middle structure, result-
ing in lower absorption in the backward direction, consistent with
the previous analysis, as shown in Figure 12c. The energy flow
lines indicate that a significant portion of the energy is trapped
and circulates within the central region. When Ef = 0 eV, most
of the forward incident EM waves are reflected at the absorption
point of 3.71 THz by the middle structure, forming a circular en-
ergy flow near the side annular graphene aperture as well as in-
dicating its strong localization effect on energy flow and achiev-
ing high absorption. On the contrary, when the EM waves are
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Figure 8. Surface current distributions of (Ef = 0.9 eV): a) the ORGS perpendicular to the y-axis at f1, b) the ORGS perpendicular to the x-axis at f1, c)
the ORGM at f1, d) the RSG at f1.

backward incident, it is found that a significant portion of the
energy can transmit through the middle structure, resulting in a
sharp decrease in absorption.
Impedance matching theory provides a valuable framework

for analyzing the EM absorption mechanism of the MS. When
the MS approaches the absorption point, its equivalent surface
impedance Z should be equal to the impedance Z0 in free space,
that is to say, normalized impedance Zr = Z/Z0 equals 1. When
the EM waves are normally incident, the relationship between Zr
and absorption can be succinctly expressed as follows:[47,48]

A(𝜔) = 1 − R(𝜔) − Tz(𝜔) − P(𝜔) = 1 − R(𝜔) = 1 −
||Zr − 1||||Zr + 1|| (14)

where S11 and S21 represent the reflection coefficient and trans-
mission coefficient, respectively, and they can be expressed as the
following equations,[52,53]

S11 =
i
2

(1
z
− z

)
sin(nkd) (15)

S21 =
1

cos(nkd)− i
2

(
1
z
+ z

)
sin (nkd)

(16)

According to Equation (14), the absorption efficiency A(𝜔)
can reach its maximum value only when Zr is close to 1. Uti-
lizing impedance matching theory, we can further analyze and

Figure 9. Variation of the absorption with Ef changing from 0 eV to 0.9 eV in the TE mode: a) the absorption when EM waves propagate forward, b) the
absorption when EM waves propagate backward.
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Figure 10. Surface current distributions of (Ef = 0 eV): a) the ORGS perpendicular to the y-axis at f2, b) the ORGS perpendicular to the x-axis at f2, c)
the ORGM at f2, d) the RSG at f2.

Figure 11. a) Schematic diagram of cross-section A, b) the view of the position of the analyte and containers.

Figure 12. The power flow normalized results at the auxiliary plane A (depicted in purple) perpendicular to the x-axis: a) at 3.483 THz under forward
direction. b) at 3.710 THz under forward direction. c) at 3.483 THz under backward direction. d) at 3.710 THz under backward direction.
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Figure 13. Normalized equivalent surface impedance curves for real and imaginary parts with frequency: a) in the forward direction (Ef = 0.9 eV), b) in
the backward direction (Ef = 0.9 eV), c) in the forward direction (Ef = 0 eV), d) in the backward direction (Ef = 0 eV).

supplement the working principle of the Janus MS absorber. In
the case of TE waves being normally incident, the complex nor-
malized equivalent surface impedance of the MS is shown in
Figure 13. It can be observed that when Ef is 0.9 eV, within the
absorption band of the MS (0.754 ∼ 5 THz) in the −z-direction,
the real and imaginary parts of the normalized equivalent surface
impedance are close to 1 and 0, respectively. This is particularly
evident at the perfect absorption frequency point f1, which indi-
cates that the MS can effectively match the impedance of free
space within the absorption frequency range, thereby achieving
localization of EM energy and significantly improving absorption
efficiency. Conversely, a considerable deviation from 1 in the real
component of the equivalent surface impedance during absorp-
tion in the +z-direction signifies a lower degree of impedance
matching between the metasurface and free space, resulting in
diminished backward absorption. In the case of Ef = 0 eV, a sub-
stantial disparity between the real component of the normalized
equivalent surface impedance and 1 is observed for forward in-
cident EM waves. Nevertheless, at the perfect absorption point

f2, the real part of the normalized equivalent surface impedance
still tends toward 1, accompanied by an imaginary component
approaching 0. When the EM waves are backward incident, both
the real and imaginary parts of the normalized equivalent surface
impedance undergo a significant change, indicating a mismatch
with free space impedance, ultimately leading to reduced absorp-
tion.

2.3. The Mechanistic Analysis for Sensing

When Ef = 0 eV, an intriguing finding is the presence of a re-
markable sensing characteristic at the perfect absorption point
f2. Upon introducing the analyte in the containers, as depicted
in Figure 11b, we discovered that the structure demonstrates fa-
vorable frequency shift properties with changes in the external
n. As shown in Figure 14, when the n of the analyte changes
from 1 to 1.5, a corresponding shift in frequency in the forward
and backward directions occurred. By further investigation, it can
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Figure 14. Absorption curves for n vary from 1 to 1.5: a) the absorption when EM waves propagate forward, b) the absorption when EM waves propagate
backward.

be observed that as the n varies from 1.2 to 2.6, the absorption
peak points are 3.6830, 3.6654, 3.6404, 3.6128, 3.5813, 3.5455,
3.5075, and 3.4786 THz in Figure 15a, showing an overall red-
shift phenomenon. Notably, the backward absorption at each fre-
quency point also undergoes distinct changes in Figure 15b. By
calculating theΔA, we determined the corresponding absorption
intensity differences to be 0.86227, 0.87325, 0.88262, 0.89045,
0.90257, 0.91038, 0.91792, and 0.92464. This excellent sensing
performance is also evident in the refractive index range of 4.6
to 4.7. As shown in Figure 15c,d, when the n changes within
this range, the absorption peak points are 3.2789, 3.2754, 3.2695,
3.2650, and 3.2611 THz, and the ΔA corresponds to 0.94161,
0.94314, 0.94479, 0.94592, and 0.94780.
It can be observed that ΔA at resonance displays a notable lin-

ear positive correlation with increasing n. By linear fitting and
calculation, the results shown in Figure 16a were obtained when
the n varied between 1.2 and 2.6 with an interval of 0.2, yielding
an R2 value of 0.9948. The high R2 value indicates a good lin-
earity, which is advantageous for the design of optical detectors.
Similarly, when the n varied between 4.5 and 4.7 with an interval
of 0.05, the calculated R2 value was 0.99592, as demonstrated in
Figure 16b.
When evaluating a detector, it is crucial to consider S, and a

detector with superior performance will naturally have higher S.
The definition of S is as follows:[54,55]

S1 =
Δf
Δn

(17)

where Δf refers to the corresponding frequency shift when the
n changes. By calculation, the S1 corresponding to the two mea-
surement ranges are 0.125 THz/RIU and 0.094 THz/RIU.
Based on our proposed MS, we innovatively introduce the dif-

ference detection as another method to calculate the S. That is to
say, detector application is capable to be attained by the character-
istic of the variation of ΔA with the changing n, Thus the S can
be calculated using the following equation:

S2 =
ΔA
Δn

(18)

As shown in Figure 16, the S2 corresponding to the two n
ranges are 0.0450 and 0.0304, respectively. It has to be admit-
ted that the S of our MS is relatively low, but our novel point in
the detection mechanism, through the absorption difference in
the forward and backward directions for sensing detection, can
better reduce the detection error. To emphasize the distinction
between the MS and the traditional detectors, Table 2 gives the
performance indicators for comparison.[56–60]

2.4. Parameter Discussion

Meanwhile, the separation distance h1 between the square cav-
ity and the intermediate structure emerges as a pivotal factor in-
fluencing the performance of this MS. Figure 17a,b depicts the
profiles illustrating the variations in absorption with respect to
h1 when EM waves are incident in the forward and backward di-
rections. Notably, the absorption performance of this structure
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Figure 15. Graphs of absorption curves for n varying from 1.2 ∼ 2.6 (Ef = 0 eV): a) the absorption in the forward direction, b) the absorption in the
backward direction. Graphs of absorption curves for n varying from 4.5 ∼ 4.7 (Ef = 0 eV): c) the absorption in the forward direction, d) the absorption
in the backward direction.

exhibits a gradual decline in the −z-direction as h1 increases, ac-
companied by an escalating fluctuation in the absorption values
within the frequency range of 1 to 3.5 THz. Conversely, analyzing
the absorption in the +z-direction reveals that the lowest absorp-
tion occurs at an h1 value of 45 𝜇m, thereby resulting in a no-
table disparity between A- and A+. Evidently, h1 governs the cou-
pling strength between the square cavity and the intermediate

structure, with the optimal distance representing an optimized
parameter.
To provide a better representation of real-world applications,

we further investigated the absorption characteristics of the struc-
ture at different theta in Figure 18. It was found that in the TE
mode, the absorption in the forward direction remains relatively
stable for theta below 60 degrees but starts to deteriorate above
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Figure 16. a) The linear relationship between theΔA corresponds to n ranging from 1.2 ∼ 2.6 at equal intervals of 0.2. b) The linear relationship between
the ΔA corresponds to n ranging from 4.5 ∼ 4.7 at equal intervals of 0.05.

Table 2. Comparison with other works.

Refs. Function Operating frequency The measurement range of
n and S

Control measure Physical mechanism Nonreciprocity

[56] Sensing for identifying
concentrations of

glucose

Absorption: 0.5 ∼

1.8THz
n :1.1 ∼ 1.6

S : 930.4 GHz/RIU
The size of the structure Not difference

detection
No

[57] Sensing for n 0.1 ∼ 0.5 THz n : 1.2 ∼ 2.0
S : 1.22 and 0.52
THz/(mol/L)

/ Not difference
detection

No

[58] Plasmon-induced
transparency

1.5 ∼ 4 THz n :1.32 ∼ 1.40
S : 1.1 THz/RIU

Voltage, the polarization
direction of the incident

wave

Not difference
detection

No

[59] Sensing of nanometer
scale thin analyte

0.8 ∼ 1.2 THz n :1 ∼ 1.5
S :280 GHz/RIU

/ Not difference
detection

No

[60] Sensing for n 2 ∼ 6 THz n :1 ∼ 1.6
S :851 GHz/RIU

Voltage Not difference
detection

No

This work Detector for n,
ultra-wideband

absorber, Janus MS
feature

Absorption: 0.754 ∼5
THz

n : 1.2 ∼ 2.6
and 4.5 ∼ 4.7

S1 = 0.125 and 0.094
THz/RIU

S2 = 0.0450 and 0.0304

Voltage,direction of the
incident wave

Difference detection Yes
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Figure 17. The absorption curves when h1 varies from 35 𝜇m to 55 𝜇m (Ef = 0.9 eV): a) the absorption when EM waves are incident in the forward
direction, b) the absorption when EM waves are incident in the backward direction.
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Figure 18. Absorption characteristics at different theta as EM waves propagate forward (Ef = 0.9 eV): a) in the TE mode, c) in the TMmode. Absorption
characteristics at different theta as EM waves propagate backward (Ef = 0.9 eV): b) in the TE mode, d) in the TM mode.

60 degrees as displayed in Figure 18a. Conversely, the absorp-
tion in the backward exhibits a significant decrease when the
theta exceeds 45 degrees in Figure 18b, and the ΔA gradually de-
creases. Notably, in the TM mode, this structure maintains ex-
cellent angular stability within the 0 ∼ 60 degrees theta range,
achieving stable absorption with a value above 0.9 for a broad-
band range of 0.754∼ 5 THz as the EMwaves propagate forward.
However, when the theta approaches 90 degrees, it achieves ultra-
broadband absorption below 0.1.
We can interpret this phenomenon in this way, the RGS is po-

larization selective and TE waves are reflected, while TM waves
can transmit through it. Thus TE waves cannot form plasma res-
onance, resulting in absorptivity is less than TM waves at a large
theta. Within a specific range of theta, the excitation of plasmon
resonances greatly localizes the EM wave energy, leading to high
absorption values in TM mode. But when the angle approaches

90 degrees, the plasmonic resonance is disrupted, resulting in a
sharp decrease in absorption. By observing the electric field and
magnetic field distributions of RSG, we can find that when the
theta is 89 degrees, its magnetic field and electric field intensity
are greatly weakened compared with the case of theta = 0 degree
in Figure 19. Hence, the absorption characteristics of this struc-
ture can be well-tuned by adjusting the theta. Interestingly, in the
TMmode, when the theta is between 60 and 80 degrees, the back-
ward absorption shows a significant increase in absorption values
from 0.5 THz to 1.5 THz. Specifically, at a theta of 75 degrees, a
high absorption value of 0.998 can be achieved at 0.57 THz owing
to the polarization selectivity of the RSG. In summary, this struc-
ture exhibits excellent angular stability and strong adaptability for
practical applications.
The evaluation of the design’s performance critically relies on

its sensitivity to the phi of the incident EM wave. Consequently,
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Figure 19. The electric field distribution of the RGS at different theta: a) theta = 0 degree, b) theta = 89 degrees. The magnetic field distribution of the
RGS at different theta: c) theta = 0 degree, d) theta = 89 degrees.

it is crucial to assess the absorption efficiency of the MS under
forward vertical incidence with various polarizations, as depicted
in Figure 20. It can be clearly observed that with Ef = 0.9 eV, the
absorption as well as the efficiency of the MS remain stable as
the phi of the incident EM wave increases. This compellingly in-
dicates that the structure exhibits insensitivity to the polarization
characteristics of the incident EM wave. The insensitivity arises
since when EM waves with different polarizations are vertically
incident, their vector electric fields can always be decomposed
into Ex and Ez components along the x and y directions, respec-
tively. These components can induce resonances in the circular
apertures parallel to the x-axis and y-axis, thereby localizing the
EM wave components propagating in the two orthogonal direc-

tions. This enhances the EM density within the unit structure
and increases the EM energy dissipation. Therefore, the charac-
teristics of the MS are not affected by the polarization properties
of the incident EM wave.
Moreover, we have to recognize that in the testing process, our

experimental results will be affected by a lot of factors. Problems
encountered in the measurement process, such as calibration er-
rors in the device, difficulty in eliminating stray waves, and the
effect of frequency differences in the THz source, making the re-
sults distorted. In addition, the results will be different when no
plane waves are incident. We also find it hard to ensure that the
analyte remains horizontal and unbent when the incident wave
is incident at a specific angle. Due to the influence of gravity on

(a) (b)
0

30

60

90

120

150

180

210

240

270

300

330

0

1

2

3

4

5

0

1

2

3

4

5

0.9

Polarization Angle (degree)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Absorptivity

Forward absorptionForward absorption

Frequency (THz) 0

30

60

90

120

150

180

210

240

270

300

330

0

1

2

3

4

5

0

1

2

3

4

5

Frequency (THz)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Absorptivity

Polarization Angle (degree)

Backward absorption

Figure 20. Absorption characteristics at various phi varying from 0 ∼360 degrees (Ef = 0.9 eV): a) the absorption when EM waves propagate forward,
b) the absorption when EM waves propagate backward.
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the structure, there will be a slight mechanical bending. When
it comes to processing errors, this can lead to inhomogeneity of
the parameters of the medium, as a homogeneous medium does
not exist during implementation. There are nonlinearities and
anisotropic differences, all of which can end up affecting the re-
sults.

3. Conclusion

In summary, this study introduces an innovative Janus detec-
tor employing the anapole mode, which demonstrates highly ef-
ficient absorption in the THz range by harnessing the tunable
characteristics of graphene. The MS exhibits distinct frequency-
selective effects in the forward and backward propagation direc-
tions. Particularly, when setting Ef to 0.9 eV, the proposed struc-
ture achieves ultra-broadband absorption exceeding 0.9 from
0.754 to 5 THz with a relative bandwidth of 147.6 %, in which
the exceptional absorption rates surpass 98% within the range of
3.24 to 5 THz in the forward direction. In the case of the back-
ward direction, the absorption remains around 0.6 within the 0.7
∼ 5 THz range, indicating a notable discrepancy in absorption
between the −z-direction and +z-direction. Moreover, within the
frequency range of 4.49 to 4.76 THz, the ΔA exceeds 0.9 as Ef
is set to 0 eV. And the MS is capable of refractive index sens-
ing at ≈3.71 THz in the condition of Ef = 0 eV. The investiga-
tion reveals that the MS can measure refractive indices within
two ranges: 1.2 ∼ 2.6 and 4.5 ∼ 4.7, exhibiting sensitivities of
0.0450 and 0.0304, respectively. In addition, theMSdemonstrates
remarkable angular stability as the theta varies from 0 to 60 de-
grees in the TM mode and equipped with fabulous polarization-
insensitive properties. In addition to THz applications, the struc-
ture can also be extended to other wavelength regions, such as the
microwave and even optical range.[61–63] All in all, the principles
are analyzed by magnetic and electric fields, the scattering power
intensity of multipole moments, energy flow and the absorption.
This proposal holds significant potential for biomedical sensing,
EM shielding, and comprehensive EM wave control.
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