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multiferroic materials and optimize its sensing
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Here, a 6G terahertz multimodal tunable metasurface based on multiferroic materials is proposed and verified. In the range
of 0.3-4.5THz, four absorption peaks based on the bright-dark mode coupling effect between the disc metal arrays were
obtained. The absorption performance of this metasurface sample shows geometric parameter selectivity (disc diameter and
dielectric layer thickness). In detailed measurements of sensing performance and tunable performance, the metasurface
sample demonstrated significant temperature sensitivity. These measurement results provide a foundation for the
development of 6G optoelectronic devices based on metasurfaces.
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1. Introduction

In the past two decades, -electromagnetic
metasurfaces/metamaterials based on periodic micro-nano
structures at sub-wavelength sizes have been widely
reported and verified [1-6]. These electromagnetic
metasurfaces/metamaterials reveal many interesting
resonant behaviors and are applied in numerous fields,
such as sensing, control, transformation, field
enhancement, etc [7-11]. Among them, the
electromagnetic metasurface/metamaterial filter is an
anticipated photoelectric device [12-14]. On the one hand,
with the development of preparation techniques and
theories, the functions of electromagnetic
metasurface/metamaterial  filters have been rapidly
expanded. On the other hand, numerous theories have been
proposed and applied by researchers to explain the
resonance behavior of electromagnetic
metasurface/metamaterial filters, such as transmission line
theory, interference theory, etc [12-14]. However, with the
expansion of application scope, the development of
metasurfaces faces challenges. Traditional metasurface
filters are difficult to achieve multi-mode modulation of
working frequencies and cannot meet the requirements in
the fields of 5G and 6G wireless communication. In the
field of 6G wireless communication, electromagnetic

metasurface/metamaterial ~ filters need to  have
characteristics such as multi-mode resonance, wide
frequency range modulation, miniaturization, low power
consumption, and high Q value, so as to meet diverse
filtering requirements [15-16]. In recent years, numerous
metasurface/metamaterial filters have achieved
multi-mode resonance, tunability and other performances
[17-18]. Two strategies were proposed by researchers and
used to expand the resonance performance of
electromagnetic metasurface/metamaterial filters: On the
one hand, tunable dielectric layers are increasingly being
applied by researchers to the structural strategies of
electromagnetic metasurface/metamaterial filters. For
example, vanadium dioxide, graphene, multiferroic
materials (BiFeO3, BFO), etc [19-21]. The characteristic
of these medium layers is that the resonant state depends
on the external control conditions. On the other hand,
phase change materials like Ge2Sb2TeS (GST) have also
been applied in structural strategies. The phase transition
state of the GST layer does not depend on external
temperature conditions.

Here, a 6G terahertz metasurface based on
multiferroic materials and GST materials was proposed
and its sensing performance was measured. This
metasurface is capable of obtaining four distinct resonance
modes within the range of 0.3-4.5THz, thereby achieving
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four filtering Windows. These filter bands are based on the
coupling effect of multiple resonant modes. In addition,
the resonant properties (frequency, amplitude) of these
filter bands can be modulated by changing the temperature
conditions. These measurement results verify the
tunability and multi-resonance mode performance of the
6G terahertz metasurface.

2. Structure and experiments

This 6G terahertz metasurface consists of four layers
of materials: the top and bottom layers are the same array
of metal discs, and the middle layers are the GST layer and
the multiferroic material BFO layer, as shown in Fig. 1 (a).
The geometric parameters of this structure are as follows:
the lattice constant P=10 microns, the diameter of the disk
array d=8 microns, and the thickness of the material is:
t1=2 microns, t2=5 microns, t3=7 microns. The simulation
results of this metasurface were obtained by using the

(a)

software HFSS. The simulation process adopts an ideal
electromagnetic boundary, with the distances from the
excitation port and the receiving port to the unit being 10
microns and 6 microns respectively. The step size of the
scanning frequency was set to 0.001THz. All the samples
were prepared and measured by the following steps: (a) A
vacuum coating device (ZZL-U400C) covered a layer of
metal on the surface of a temporary substrate; (b) After the
first layer of metal is cooled, the vacuum coating
equipment (ZZL-U400C) covers a layer of multiferroic
material BFO on the surface of a layer of metal; (c) After
the BFO layer is cooled, the vacuum coating equipment
(ZZL-U400C) covers a layer of GST on the surface of the
BFO layer; (d) After the GST layer is cooled, the vacuum
coating equipment (ZZL-U400C) covers the surface of the
GST layer with the second layer of metal; (¢) The Etching
device CABL-9000C is used to prepare the top and bottom
metal disc arrays, as shown in Fig. 1 (b). Bruker Optics
Equinox obtained the absorption spectra of the samples, as
shown in Fig. 2.

(b)

Fig. 1. (a) The structural strategy of this metasurface. (b)A photo of the metasurface sample (colour online)

3. Results

The measurement results and simulation results of the
absorption rate of this metasurface are presented in Fig. 2.
Four resonant absorption peaks were excited and marked
as: P1, P2, P3, P4. The measured amplitudes are: 0.811,
0.722, 0.663, 0.764, and the resonance positions are:
1.07THz, 1.756THz, 2.708THz, 3.416THz, as shown in
Fig. 2 (a). The simulated amplitudes are: 0.821, 0.728,
0.683, 0.781, and the resonance positions are: 1.12THz,

1.766THz, 2.713THz, 3.456THz, as shown in Fig. 2 (b).
The amplitude errors are: 0.02, 0.006, 0.02, 0.017, and the
resonance position errors are: 0.05THz, 0.01THz,
0.005THz, 0.04THz, as shown in Fig. 2. By comparing
these results, it can be known that the -calculation
conditions adopted in the simulation process are close to
the resonant properties of the actual samples. Outside
these absorption bands, the average absorption rate of the
sample is approximately 0.056.
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Fig. 2. (a) The measured absorption spectrum. (b)The absorption spectrum obtained through simulation (colour online)

To intuitively understand the resonance characteristics
of this metasurface, the distribution of electric field
intensity at four resonance positions was simulated and
presented in Figs. 3 and 4. At the resonant position
1.07THz (P1), the bright mode resonates are excited at the
edges of the disc arrays A and C. Meanwhile, dark modes
were found at the edges of the disc arrays B and D, as
shown in Fig. 3 (a). Within the same Unit (Unit 1 or Unit
2), a significant bright-dark coupling resonance behavior is
formed between the bright mode above and the dark mode
below, thereby obtaining the PIT effect, as shown in Fig. 3

(a). These bright-dark coupling resonance behaviors
improve the electromagnetic wave impedance matching
conditions of the sample near the resonance position
1.07THz, thereby enhancing the absorption performance
of the sample and exciting the absorption peak P1, as
shown in Fig. 3 (a). At the resonance position 1.756THz
(P2), the bright mode resonates at the edges of disk arrays
B and D, and the dark mode is found at the edges of disk
arrays A and C, as shown in Fig. 3 (b), which is not
consistent with the resonance position of P1.
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Fig. 3. Simulated electric fields: (a) 1.07THz, (b) 1.756THz (colour online)
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A strong bright-dark coupling resonance is obtained
within the same Unit (Unit 1 or Unit 2), and thereby
excites the absorption peak P2. It should be pointed out
that the coupling directions of absorption peaks P1 and P2
are opposite, as shown in Fig. 3 (a-b). The simulation
results in Fig. 3 verify the significant role of the
bright-dark coupling resonance behavior based on the PIT
effect in enhancing the absorption performance.

The electric field intensities of the absorption peaks
P3 and P4 are shown in Fig. 4. At the resonant position
2.708THz (P3), the bright mode resonates at the edges of
the disk arrays A and D. Meanwhile, dark modes were
found at the edges of the disc arrays B and C, as shown in
Fig. 4 (a). Between the adjacent units (Unit 1 and Unit 2),
a horizontal bright-dark coupling resonance behavior is

formed between the bright mode and the dark mode,
thereby obtaining the PIT effect, as shown in Fig. 4 (a).
These bright-dark coupling resonance behaviors improve
the electromagnetic wave impedance matching conditions
of the sample near the resonance position of 2.708THz.
The absorption performance of the sample was
synchronously enhanced, thereby exciting the absorption
peak P3, as shown in Fig. 4 (a). At the resonance position
3.416THz (P4), the bright mode resonates at the edges of
disc arrays A and B, and the dark mode is found at the
edges of disc arrays C and D, as shown in Fig. 4 (b).
Strong bright-dark coupling resonances are acquired
within adjacent units (Unit 1 and Unit 2), and thereby the
absorption peak P4 is excited.
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Fig. 4. Simulated electric fields: (a) 2.708THz, (b)3.416THz (colour online)

To understand the electromagnetic resonance
performance of this metasurface, the equivalent medium
theory was used to calculate the equivalent parameters and
resonance frequencies of the metasurface structure. During
the calculation process, the metal disc array is described
using the Drude pattern [22]:

2
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In the above formula, the parameters of the metal
layer are: ¥, =9x10"s™" and @, =1.37x10"s".
The medium layer GST can be described by the following
equations [23]:

a = [D,(nKR)/n+m/kRly, (kR)—vw, ,(kR)
" [D,(nKR)/n+m/kRIE, (kR)—¢&,, | (kR) @)

y D, (nKR)  ntm/ KRy, (kR) ~ ., (kR)
" [nD,(nKR)/ n+m/ kRI, (KR) =&, (kR) (3,

2 i(21+1)[|am|2 +[6,[°1

O = R & )

D, (nKR) =y (nkR) [y (nkR) o
sAO)=1 _ . (D)1

L1
sALO)+2 £ (A)+2

g,(A)+2 (

+(1-0)
6)



338 Jianfang Deng, Hongliang Zhang, Rui Tian

The equivalent dielectric constant, equivalent
magnetic permeability and equivalent refractive index of
this metasurface element are [24]:
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According to the equivalent refractive index of the
metasurface unit cell, the resonant frequency can be
expressed as [25]:

m—Y/rx

f - @ =
2Re(n,,)d (10)

According to the equivalent medium theory, the
resonant frequencies of this metasurface unit within the
working frequency band are: 1.131THz, 1.739THz,
2.711THz, 3.412THz. The errors between these calculation
results and measurement results are: 0.061THz, 0.017THz,
0.003THz, 0.004THz. These errors fall within a reasonable
range, and the electromagnetic and -electromagnetic
resonance properties of the metasurface sample conform to
the equivalent medium theory. The boundaries of the
metasurface units are set according to the reported
achievements [26].

The electric field intensity distribution of the
metasurface sample near four resonant positions was
obtained through the software HFSS, as shown in Figs. 3
and 4. These simulated electric fields visually reveal that
the physical mechanisms of the four absorption peaks are
all based on the bright-dark mode coupling effect between
the disc metal arrays (including: coupling within the same
element and coupling between adjacent elements). The
bright-dark mode coupling effect among these disc metal
arrays is directly related to the structural parameters of the
metasurface. To optimize the performance of the
metasurface, in the subsequent detailed measurements, the
diameter d of the metal disc was gradually increased to
obtain the detailed absorption performance of the
metasurface, as shown in Fig. 5. The diameter d of the
metal disc is gradually increased (the temperature during
the measurement process is at room temperature). The four
absorption peaks were gradually strengthened and moved
to the low-frequency region, as shown in Fig. 5. Therefore,
the performance of the metasurface can be modulated by
changing the diameter d of the metal disc. This
enhancement effect is related to the resonance mechanism

of the absorption peak. For example, the absorption peak
P1, at the resonant position 1.07THz, within the same unit,
the bright-dark coupling effect is excited between the
upper and lower metal disc arrays, as shown in Fig. 3 (a).
With the increase of the diameter d of the metal disc, the
effective coupling area between the upper and lower metal
disc arrays is rapidly increased (the coupling distance
between the bright mode and the dark mode is not
changed), thereby resulting in the synchronous
enhancement of the bright-dark coupling effect. Therefore,
in Fig. 5, the amplitude of the absorption peak Pl
increases rapidly with the increase of the diameter d of the
metal disc. For example, the absorption peak P2, at the
resonance position 1.756THz, within the same unit, the
bright-dark coupling effect is excited between the upper
and lower metal disc arrays (the coupling direction is from
bottom to top, opposite to the coupling direction in Fig. 3
(a)), as shown in Fig. 3 (b). With the increase of the
diameter d of the metal disc, the effective area of the
bright-dark coupling effect between the upper and lower
metal disc arrays is also increased. Therefore, the
amplitude of the absorption peak P2 also increases with
the increase of the diameter d of the metal disc. It should
be pointed out that although the P2 peak shows a similar
resonant behavior to the Pl peak. However, since the
excitation position of the bright mode is the underlying
array, the coupling strength of the P2 peak is lower than
that of the P1 peak. Therefore, the amplitude of peak P2 is
lower than that of peak P1 during the increase process of
the diameter d, as shown in Fig. 5. For example, both the
absorption peaks P3 and P4 are based on the bright-dark
coupling effect between adjacent units (the resonance
positions are 2.708THz and 3.416THz), as shown in Fig. 4
(a-b). During the process of increasing the diameter d of
the metal disc, the coupling distance between the bright
mode and the dark mode is rapidly reduced, thereby
enhancing the coupling strength, resulting in the
enhancement of the absorption peaks P3 and P4, as shown
in Fig. 5. During the increase process of the diameter d of
the metal disc, the resonant frequencies of the four
absorption peaks are all reduced, as shown in Fig. 5. This
is because the equivalent refractive index of the entire
metasurface unit increases with the increase of the
diameter d of the metal disk, according to formula (10).
The equivalent refractive index is increased, and the
corresponding resonant frequency is decreased. In addition,
when the diameter d of the metal disc is equal to the lattice
constant P, four absorption peaks are failed, and a new
absorption band (with a bandwidth of 1.854THz and an
absorption rate of 0.634) is obtained, as shown in Fig. 5.
This metasurface acquires the conversion performance of
absorption peak - absorption band. When the diameter d of
the metal disc is equal to the lattice constant P, the top and
bottom metal discs come into direct contact, forming a
continuous porous metal layer. The coupling effect
between these metal layers excites this absorption band.
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Fig. 5. Absorption spectra measured under different diameter conditions (colour online)

In the second group of experiments, the geometric
parameter t2 was gradually increased, and the absorption
spectrum is shown in Fig. 6. The absorption peaks P1 and
P2 exhibit resonant behaviors that are inconsistent with
those of P3 and P4. As the geometric parameter t2 is
gradually increased, the amplitudes of the peaks P1 and P2
are rapidly decreased. When t2 is equal to 6.2 micrometers,
the amplitude of peak P1 is 0.586 and that of peak P2 is
0.572. This is because the absorption peaks of P1 and P2
are both based on the vertical coupling effect between the
upper and lower metal disc arrays. The intensities of these
vertical couplings are gradually decreased as the geometric
parameter t2 increases, thereby weakening the absorption
peaks P1 and P2. In addition, peaks Pl and P2 were
significantly shifted to the low-frequency region, with
resonance positions of 0.412THz and 1.08THz, as shown
in Fig. 6. On the contrary, the amplitudes of the P3 and P4
peaks were rapidly increased. When t2 is equal to 6.2
micrometers, the amplitude of peak P3 is 0.756, the

amplitude of peak P4 is 0.843, and the resonance positions
are 2.257THz and 3.112THz, as shown in Fig. 6. The
absorption peaks P1 and P2 are based on the bright-dark
coupling effect of the metal disc array in the horizontal
direction. The intensities of these horizontal coupling
effects will not be changed due to the increase of the
geometric parameter t2. On the contrary, because the
thickness of the dielectric layer is increased, the overall
absorption performance of the metasurface sample is
enhanced. Therefore, the amplitudes of the absorption
peaks P1 and P2 are both increased, as shown in Fig. 6. In
addition, since the overall equivalent refractive index of
the metasurface structure increases with the increase of the
geometric parameter t2, according to formula (10), the
resonant frequencies of the four absorption peaks are all
reduced, as shown in Fig. 6.
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Fig 6. Absorption spectra measured under different thickness conditions (colour online)
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In the third set of optimized measurements, the
sensing performance and tunable performance of the
metasurface sample were verified. The measurement
results in Figs. 5 and 6 reveal the influence of the diameter
of the disk array and the geometric parameter t2 on the
performance of this metasurface. During the sample
preparation process, changing the diameter of the disc or
the geometric parameter t2 can have the effect of
controlling the performance of the sample. However, such
control strategies cannot adapt to the diverse demands in
the industrial field. Therefore, it is necessary and
meaningful to develop the tunable performance of this
metasurface sample. In this measurement, all the
geometric parameters remained unchanged, and the
ambient temperature was gradually increased. The
measurement results of the absorption rate are shown in
Fig. 7. Such tunability is based on the inclusion of the
temperature-sensitive material GST layer in the
metasurface unit. The crystallinity of the GST layer is
directly related to the temperature. The measurement
results in Fig. 7 indicate that the absorption performance
of the metasurface sample is gradually enhanced.

Specifically, when the temperature reaches T=380K, the
amplitudes of the absorption peaks are: 0.998, 0.925,0.867,
0.999, and the resonance points are: 2.082THz, 2.708 THz,
3.706THz, 4.465THz, as shown in Fig. 7. This is because
the equivalent refractive index is gradually reduced during
the temperature increase process, thereby causing all
absorption peaks to shift to the high-frequency region, as
shown in Fig. 7. The sensitivity of this metasurface sample
is:

Af
s==L 11
‘AT (11)

The temperature difference is 80K, and the frequency
differences at the four resonant positions are: 1.012THz,
0.952THz, 0.998THz, 1.049THz. According to Formula
(11), the temperature sensing degrees of the four
absorption peaks are: 0.013THz/K, 0.012THz/K,
0.012THz/K, 0.013THz/K, as shown in Fig. 7.
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Fig. 7. Absorption spectra measured under different temperature conditions (colour online)

4. Conclusion

In this paper, a 6G terahertz metasurface sample was
prepared and measured. In the range of 0.3-4.5THz, the
metasurface sample obtained four absorption peaks with
amplitudes of 0.811, 0.722, 0.663, and 0.764, and the
resonance positions were 1.07THz, 1.756THz, 2.708THz,
and 3.416THz. These absorption peaks are based on the
bright-dark mode coupling effect between different disc
metal arrays. Therefore, these absorption peaks exhibit
sensitivity to geometric parameters. More importantly, in
the experiment of temperature rise, the four absorption
peaks were strengthened and moved to the high-frequency

region. The metasurface sample exhibited obvious
temperature sensitivity and tunability. This 6G terahertz
metasurface sample has the potential to be applied to
multimode resonant tunable 6G optoelectronic devices.
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