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The monolayer graphene-based terahertz (THz) perfect absorber has made significant progress in
switchable devices with diverse functionalities. However, existing methods for achieving switchability
rely on either multilayered metasurface with complex configurations or complicated patterned metasur-
faces. A switchable absorber that switches between n-band and m-band modes (n, m correspond to the
number of resonance peaks) using tunable materials is also interesting but has not yet been mentioned.
Here, a dynamically switchable multiband perfect absorber with a digital coding graphene metasurface is
proposed and demonstrated. By integrating multiple metasurface units with different Fermi levels into a
newly generated period, we realize a multiband perfect absorber with a rather simple and straightforward
configuration composed of a patterned metasurface. Through introducing a digital coding metasurface into
the perfect absorber, we use the digital signals via FPGA (field programmable gate array) to convert n-
band into m-band absorption modes. Moreover, the results reveal that the THz perfect absorber, possessing
great impedance matching with the free space, has excellent angle tolerance and robustness. Such a per-
fect absorber offers a flexible tool for selecting THz channels and may pave the way for sixth™ generation

communication.

DOI: 10.1103/PhysRevApplied.22.024004

I. INTRODUCTION

The terahertz (THz) waveband, located between
microwave and far infrared, has attracted increasing
attention due to various potential applications, includ-
ing prospective sixth-generation (6G) communication [1],
remote sensing [2], nondestructive medical detection
[3-5], and quantum optics [6—8]. Unfortunately, natu-
ral materials that are highly responsive to THz waves
are rather limited, rendering the development of THz
devices slow and leaving a “THz gap.” The emer-
gence of the metamaterial, which is usually defined as
a three-dimensional periodically arranged artificial struc-
ture with a subwavelength-feature size, breaks this sit-
uation because it can be designed to primarily respond
to THz waves [9]. The metamaterial is gradually
being replaced by a metasurface consisting of a two-
dimensional thin-film structure [10], which is easier
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to process and fabricate. Initially, the electromagnetic
loss of the metal material becomes the main challenge
in building left-handed materials. However, the loss
turns out to be an advantage in the field of perfect
absorbers. Some efforts have been devoted to investigat-
ing metal-based metasurface perfect absorbers [11—13],
but these absorbers are not dynamically tunable and have
limited functions owing to the untuned characteristics of
the metal.

To overcome the bottleneck of nonadjustability, previ-
ously, researchers tended to focus on the active metasur-
face composed of a tunable material, such as graphene
[14,15], liquid crystals [16], vanadium dioxide (VO,)
[17—19], and doped silicon [20]. Among these materi-
als, graphene attracts more attention, because its electron
mobility and Fermi level can be tuned by manipulat-
ing the external electrostatic field [21], magnetic field
[22], optical pump [23], and temperature, thus leading to
excellent tunability. Substantial studies on graphene-based
single-band [24], dual-band [25,26], multiband [27-29],
and broadband [30,31] tunable perfect absorbers have been
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performed in the past decade. For example, Sun et al.
[26] proposed a graphene-based dual-band independently
tunable perfect absorber consisting of double-stacked
graphene layers. A quad-band polarization-insensitive per-
fect absorber based on a bilayer graphene metasurface
was demonstrated by Zamzam et al. [32]. Moreover,
Darvishi Bahloli et al. [29] developed a multiband (five
narrow bands) monolayer-graphene perfect absorber with
an extremely intricate design. An intelligent device with
switchable and tunable multifunctionalities is also signif-
icantly attractive. The phase-change material VO, has a
natural advantage in realizing multifunctional devices due
to the rapid modulation performance between the metal
phase and insulator phase [33]. The metal-insulator tran-
sition can be triggered by thermal heating, electrical bias,
and optical excitation. Utilizing the tunability of both
graphene and VO,, adjustable broadband [17], switch-
able wideband-narrowband [18], and dual-broadband [34]
perfect absorbers have been reported. Furthermore, a
switchable multifunctional THz metasurface [35] exhibit-
ing excellent performances of quad-band perfect absorp-
tion and an antireflection coating is also demonstrated.
However, previous studies relied on either a complex mul-
tilayer structure or an intricately patterned metasurface
unit to achieve multiple resonance modes, which neces-
sitate intricate fabrication processes and precise lithogra-
phy techniques. Additionally, once the device has been
built, the absorption mode (the magnitude of the res-
onance peak) cannot be changed. Dynamically switch-
able perfect absorbers working with the n-band and
m-band modes have not been studied. Therefore, it is note-
worthy to explore a type of flexible and switchable perfect
absorber of several absorption modes according to realistic
demands.

Here, we propose and demonstrate a universal strat-
egy for achieving a multiband THz adjustable graphene
metasurface perfect absorber by adjusting the graphene
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FIG. 1.
Sketch of a metasurface unit cell.

Fermi level. Meanwhile, the perfect absorber adopting a
digital coding metasurface controlled by FPGA (field pro-
grammable gate array) expediently realizes the conversion
of absorption modes from n-band to m-band with higher
freedom and flexibility. The absorber employs a typi-
cal sandwiched subwavelength configuration consisting of
a simple graphene rectangle strip pattern and a single-
layered metasurface. Through optimizing the geometric
parameters, the results reveal good impedance matching to
reach perfect absorption. Eventually, the device can obtain
a satisfactory angle tolerance. The absorber proposed here
may have good application prospects in THz filtering [36]
and high-performance sensors [37,38].

II. MODELING AND PARAMETERS

The proposed THz switchable perfect absorber with
a graphene digital coding metasurface is illustrated in
Fig. 1(al), where the left and right parts are the microcon-
troller FPGA and graphene perfect absorber, respectively.
Three-bit digital output ports (bit 0, bit 1, and bit 2) of
FPGA are utilized to manipulate the Fermi levels, Efy,
Ep», and Eps, respectively, of the graphene strips. Every
bit has two states [0 (1) state]: the 0 (1) state of bit 0 is
0eV (0.088eV),bit1is0eV (0.118 eV),and bit2is 0 eV
(0.148 eV). Specifically, each digital bit line leaves the
FPGA and passes through the digital-to-analog converter
(DAC), which can convert the digital logic signal into an
analog voltage. The two lines at the end of the DACs are
the upper and lower lines, which are the analog voltage and
ground lines, respectively. The upper analog voltage line
with modulated voltage is connected to the electrodes on
the insulation layer, and then separated into multiple gate-
voltage lines to manipulate the Fermi level of the graphene
strips. The lower line is connected to the bottom metal,
offering a system voltage reference.
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(al) Three-dimensional schematic of the proposed THz metasurface perfect absorber with digital coding metasurface. (a2)

024004-2



TERAHERTZ DYNAMIC MULTIBAND PERFECT...

PHYS. REV. APPLIED 22, 024004 (2024)

The right THz perfect absorber of Fig. 1(al) consists
of three layers: the monolayer-graphene metasurface, dia-
mond dielectric, and the bottom metal. To pave the way for
future experimental implementation, the metal electrode,
the metal-graphene contact, and the graphene-diamond
contact should be considered. First, due to the skin effect,
the metal electrode (such as Au) needs to be designed
to be smaller and thinner to reduce reflection efficiency
and improve absorption efficiency. Second, the ubiquitous
Fermi-level pinning effect caused by the metal-graphene
contact can degrade the performance of electronic devices
and increase the device’s energy consumption, which can
be reduced by a type of van der Waals contact achieved
by using a selenium buffer layer between Au and graphene
[39]. Eventually, the use of hydrogen-terminated diamond
(111) is due to the negligible band-gap opening [40,41] at
the Dirac point of graphene when the diamond is in contact
with graphene, and the graphene-on-diamond structure can
be experimentally achieved through graphitization [42,43]
of the surface of diamond (111). The metal-graphene and
graphene-diamond contacts will cause the Fermi level of
graphene to shift [40,44]. Nevertheless, for our THz multi-
band perfect absorber scheme, the effective and dynamic
modulation of the relative value of the Fermi level is more
important than that of its absolute value, so we can apply
an appropriate voltage to balance the influence of the two
types of shift effect [45].

Here, we use COMSOL Multiphysics with the electro-
magnetic wave frequency-domain module for numerical
calculations. In Fig. I(al), only two unit cells for the
THz multiband perfect absorber are displayed; one cell is
modeled in Fig. 1(a2). Portl and Port2 are set to excite
and absorb THz waves, respectively. We apply the peri-
odic boundary conditions in the x-z plane to present a
periodic distribution in the y direction and set a perfect
electric conductor in the y-z plane. The diamond used
here has excellent optical properties, with transmittance
ranging from deep ultraviolet to far infrared, and even
to microwave bands [46], except for the small intrinsic
absorption of 46 pm. Meanwhile, the real and imaginary
parts of the refractive index of diamond hardly change
from 2.7 to 4.5 THz. Furthermore, the corresponding stud-
ies have shown that, when the temperature increases from
50 to 925 K, the refractive index of diamond only changes
by about 0.009 [47]. Therefore, diamond is used as the
dielectric material with a refractive index [46] of 2.41 and
thermal conductivity [48] of 20 W/(cmK). The bottom
metal (Au) is used as a perfect reflector with a conduc-
tivity [14] of oguq=4.7x 10" S/m and a thickness of
dgoldg=0.3 pm, which is larger than the skin depth of
the THz wave. Therefore, in the calculation, the interface
between diamond and the bottom metal is set as a per-
fect electric conductor to ensure that the transmittance is
zero. In addition, the bottom metal and graphene strips
can form a Fabry-Perot (FP) cavity to further improve the

absorptance rate of the THz multiband perfect absorber.
The three graphene stripes in the unit cell are established
as the transition boundary condition, where its surface
conductivity takes following form [49]:
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where w represents the angular frequency of incident light;
7 is the relaxation time of graphene (estimated by the max-
imum mobility of graphene) and is set as 3.28 ps [14]. The
total surface conductivity of Eq. (1) is composed of the
intraband conductivity of Eq. (2) and the interband con-
ductivity of Eq. (3). The Fermi-Dirac distribution, f(E),
is 1/[eE=ER/®sD) 4 1], where kg is the Boltzmann con-
stant, the Fermi level is defined as Ep ~ (rh?vin)®>, &
is the Planck constant, and v is the Fermi velocity equal
to 10° m/s. n represents the carrier concentration in the
conduction band, which is determined by the applied gate
voltage through n = ¢,69Vy/ehy. €, is the relative dielectric
constant of the dielectric material between the metal and
graphene (such as the ion gel, with &, = 2.56) [35], which
is used to reduce the pinning effect of the Fermi level. g
is the vacuum permittivity; e is the electron charge; and ¥
and h, are the gate voltage and thickness of the dielectric
layer, respectively.

In the near-infrared and visible regimes, the interband
transition dominates the surface conductivity. Neverthe-
less, for the THz band, surface conductivity is mainly
decided by the intraband transition, and the interband
transition is suppressed due to Pauli blocking. Based on
these considerations, the total surface conductivity can be
approximated as the Drude model:

€2EF i

T (0+it ) “)

Ogra =

Figures 2(al) and 2(a2) show the real part and imaginary
part of the conductivity, respectively. The relative permit-
tivity of graphene is derived based on solving the Maxwell
equations and takes the form &4, = 1+ io /(wAg). Its
imaginary part, proportional to the real part of conduc-
tivity, characterizes the losses, whereas the real part is
proportional to the imaginary part of conductivity with
the opposite sign in value. The real part and imaginary
part of relative permittivity are depicted in Figs. 2(bl)
and 2(b2). Here, A is the thickness of monolayer graphene,
and extensive measurements of that have recently been
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(al) Real part and (a2) imaginary part of graphene conductivity. (bl) Real part and (b2) imaginary part of graphene relative

permittivity. (c) Relationship between absorptance, frequency, and gap width with a constant period of 6 pum.

reported by using atomic force microscopy, ranging from
0.34 to 1.7 nm [50]. Additionally, the effective wavelength
of'the localized surface-plasmon polaritons (LSPP) excited
by the incident THz wave is longer than the thickness of
monolayer graphene. Considering both of the above fac-
tors, the thickness of monolayer graphene is set to 1 nm
[14,31] to simplify the calculation. The width, Wg,, of the
graphene strips and the gap, Wy,,, between the graphene
strips are both 1 pm, and the period, P, is 6 um. Compared
with the wavelength of the incident THz wave, ranging
from 66.67 to 111.11 pm (the corresponding frequency
ranges from 2.7 to 4.5 THz). Therefore, the graphene strips
and the gaps cannot be distinguished by the incident THz
wave due to the subwavelength-structure effect. Neverthe-
less, for the excited LSPP on the graphene surface, the
resonance peak can be tuned over a wide range due to
the reduction of the graphene strip width, as shown in
Fig. 2(c).

The incident plane wave is set as TM polarized
(p polarized) with a magnetic field intensity of Hy=1 A/m
and power of Py, = 1 W/m. After determining the above
boundary conditions and material parameters, the electro-
magnetic wave frequency-domain solver is implemented
to solve the wave equation. Then, the electromagnetic field
distribution map can be obtained directly, and the absorp-
tion spectrum can be calculated via A(w) = 1 — R(w) —
T(w), where R(w) = |S;11*> and T(w) = |S5|> are the
reflectance and transmittance, respectively. S;; and S, are
the reflection and transmission coefficients, respectively.

II1. RESULTS AND DISCUSSION

A. A universal method of realizing multiband perfect
absorber

Although considerable progress has been made in
developing multiband perfect absorbers consisting of a

graphene-based metasurface, challenges of complex man-
ufacturing and the requirement for numerous processing
steps in previous investigations have prevented further
advancement. To address these drawbacks, a universal
method of creating a multiband perfect absorber is pro-
posed. Unlike previous research with identical Fermi levels
for each graphene metasurface unit, in this work, to gen-
erate multiband absorption, several metasurface units are
combined into a large period and multiple Fermi lev-
els are applied to the various units inside the expanded
period.

In the following, single-band and dual-band absorbers
are realized to demonstrate the validity of our proposal.
A model of the device and the Fermi-level distribution
are built and shown in Figs. 3(al) and 3(bl). For the
single-band mode, all the metasurface units have the same
Fermi level of 0.088 eV (Er;) with a period of 2 um.
A notable resonance peak exists in Fig. 3(a2) with the
absorptance of 98.8% at 2.89 THz. The inset shows the
intensity distribution of the electric field mainly concen-
trated at both edges of the graphene strip. In Fig. 3(b1),
the dual-band mode is depicted with two Fermi levels
added to a larger metasurface period, causing the corre-
sponding period to increase to 4 pm, which is twice that
of the single-band mode. The Fermi levels of the left
and right metasurface are found at 0.088 eV (Er;) and
0.118 eV (Ep,), correspondingly. The absorption spec-
trum in Fig. 3(b2) shows two distinct peaks, one to the
left of 99.3% at 2.99 THz and the other to the right of
97.1% at 3.58 THz. Furthermore, the triple-band mode is
also obtained in Sec. III B. The left inset demonstrates
that the left absorption peak depends on the left reso-
nance mode caused by the graphene unit at 0.088 eV. The
same happens on the right side. These results and analy-
ses demonstrate the effectiveness of the proposed method
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of achieving multiband absorption. Therefore, according
to the approach of introducing multiple resonance modes
(Fermi levels) into an expanded period, the arbitrary multi-
band perfect absorber can be realized. Compared to pre-
vious multiband devices, which have complex patterned
graphene (such as a ring structure with eight T-shaped
graphene strips [28] or a double regular hexagon with
ten T-shaped strips [29]) or a multilayer structure (such
as double-stacked nanodisk and nanohole graphene [26],
dual-layer ring, and rectangular strip [32]), the proposed
absorber possesses the obvious advantage of a concise
pattern and structure.

The tunable performance, which is the most impor-
tant capability of graphene, is also studied here. For the
single-band mode, Fig. 3(a3) exhibits the absorptance as
a function of incident frequency from 2.7 to 4.5 THz and
Fermi level from 0.045 to 0.185 eV. As a result, the res-
onant frequency can be tuned over a wide range from 2.7
to 4.2 THz. For the dual-band mode, by setting both Fermi
levels, maintaining £7; = 0.088 eV and scanning £y, from
0.045 to 0.185 eV, the result is shown in Fig. 3(b2). It
should be noted that, when Er, is 0.088 eV, two reso-
nance peaks merge, since the two resonance modes are
equivalent. Hence, based on the premise that the absorber’s
physical structure remains the same, switching between
single-band and dual-band modes can be quickly accom-
plished by adjusting the Fermi level.

B. Arbitrary switching from n-band to m-band modes
with a digital coding metasurface

In Sec. Il A, an innovative approach to realize a multi-
band perfect absorber is displayed. However, to achieve
the switching of dual-band and triple-band modes, the
design idea shown in Fig. 3(bl) is ineffective. Once the
metal wiring is completed, the dual-band mode cannot
be converted into triple-band modes, and three resonance
modes are not allowed to exist in an expanded period with
merely two metasurface units. Similarly, the single-band
mode of Fig. 3(al) is not able to switch to dual-band or
triple-band modes.

To obtain a more flexible type of switching of absorption
modes, a THz arbitrarily switchable perfect absorber from
n-band to m-band modes with a digital coding metasurface
is designed, as shown in Fig. 4(a). Since we aim to realize
arbitrary mode conversion within three bands, the pro-
posed absorber possesses eight working modes, as listed in
Table I, namely, 1 zero-band mode, 3 single-band modes,
3 dual-band modes, and 1 triple-band mode. The corre-
sponding absorption spectrums are presented in Figs. 4(b),
4(c1)4(c3), 4(d1)-4(d3), and 4(e). For instance, Fermi
levels Ery, Erp, and Erz for the 110 mode are 0.088,
0.118, and 0 eV, respectively. The absorption spectrum
is shown in Fig. 4(d1) with a newly expanded period of
6 wm, which is different from the dual-band mode shown
in Fig. 3(b2) with a period of 4 wm. The absorptances at
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FIG. 4. (a) Schematic diagram of a digital coding metasurface with eight different modes through FPGA programming. (b) Absorp-

tion spectrum of 000 zero-band coding mode. (c1)~(c3) Absorption spectra of 100, 010, and 001 single-band coding modes. (d1)—+d3)
Absorption spectra of 110, 101, and 011 dual-band coding modes. (¢) Absorption spectrum of 111 triple-band coding mode.

3.07 and 3.58 THz are 97% and 96%, respectively. The
absorption spectrum of the 111 mode with Fermi levels of
0.088, 0.118, and 0.148 eV is apparent in Fig. 4(e) with
absorptances of 99.8%, 99.9%, and 99.6% at 3.05, 3.56,
and 4.02 THz, respectively.

As a consequence, the arbitrary mode conversion of
the n band and m band can be easily accomplished using

TABLE I. Working modes of digital coding perfect absorber.
Absorption Coding
mode mode Er1 (V) Epy(eV) Eps(eV)
Zero band 000 0 0 0
Single band 100 0.088 0 0
010 0 0.118 0
001 0 0 0.148
Dual band 110 0.088 0.118 0
101 0.088 0 0.148
011 0 0.118 0.148
Triple band 111 0.088 0.118 0.148

FPGA digital programming. Particularly, the absorptance
for the 000 mode always remains zero, and the inci-
dent electromagnetic wave is completely reflected. This
is because the relative permittivity of graphene is propor-
tional to the conductivity, which is in a direct ratio to the
Fermi level. While Er;, Er,, and Ef3 are entirely equal to
zero, the real part of relative permittivity is one, and the
imaginary part vanishes. Since graphene is currently equal
to air, there is no absorptance and loss. Hence, it is sim-
ple to implement absorption-mode conversion between the
n band and m band using digital programming in FPGA.
Additionally, the newly formed larger metasurface period
must contain n Fermi levels. The above description and
analysis confirm that the proposed digital coding metasur-
face offers numerous absorption modes and more flexible
switching capabilities in contrast to published research,
which merely has one absorption mode and cannot achieve
multiband conversion.

To explicitly illustrate the intrinsic mechanism of the
perfect absorber, impedance-matching theory is used in the
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following analysis. The absorptance can be expressed as

Z -7 Z, — 1
Z+Z() Zr+1
Zr:/% (6)
(1—81)* - 83

where R is the reflectance, Z is the effective impedance
of the integral structure, and Z; is the impedance of free
space with a real part of one and an imaginary part of zero.
Z, = Z/Z, represents the relative impedance. S is equal
to zero as the bottom metal prevents the propagation of the
transmission wave.

Figures 5(b1)-5(b3) present the real part and imaginary
part of the relative impedance at the 010 single-band, 110
dual-band, and 111 triple-band modes, respectively. The
yellow solid lines indicate the positions of the resonance
peaks corresponding to those of Figs. 5(al)-5(a3), where
the real parts of relative impedance are close to one and the
imaginary parts almost approach zero. This demonstrates
that the impedance of the proposed absorber matches that
of free space, so the reflectance of the absorber reaches
zero and the power of the incident wave is completely
absorbed. The absorptance (99.8%, 99.9%, and 99.6%) of
the three resonance peaks for the 111 mode is larger than
that of the 110 mode (97% and 96%). Compared to the
imaginary part (0.05, 0.06, 0.12) of the three resonance
peaks for the 111 mode, the imaginary part (0.19, 0.38)

of the two resonance peaks for the 110 mode is larger
and farther away from the imaginary part 0 of Z,. Simi-
larly, the real part (0.68, 0.92) of the relative impedance
of the 110 mode is smaller than that of the 111 mode
(0.93, 0.96, 1.0) and farther away from the real part 1
of Zy. These results reveal that there is better impedance
matching with air for the 111 mode than the 110 mode.
Additionally, the real and imaginary parts of the rela-
tive impedance can provide more important information
about the physical properties of multiband perfect absorp-
tion. As shown in Figs. 5(al)-5(a3), the resonance peaks
obtained from the S parameters have a small right shift
compared to the maximum absorption value obtained from
the impedance’s real part, as shown in Figs. 5(b1)-5(b3).
This can be well understood by considering the dispersion
contribution from the imaginary part of the impedance.
That is, the position of the resonant absorption peaks dis-
played by the S parameter is determined by both the real
and imaginary parts of the impedance.

In the proposed THz multiband perfect absorber, an
FP cavity is designed to enhance the resonance absorp-
tion effect of THz waves, which is formed between the
graphene strips and the bottom metal. On one hand, to
prove the existence of the FP cavity, the thickness of
diamond varies from 0.1 to 100 um, and the incident fre-
quency ranges from 2.7 to 5.7 THz. Figure 6(al) shows
a significant periodic resonance peak that occurs with the
variation of diamond thickness, indicating the presence
of an FP cavity. Meanwhile, an interesting phenomenon

(al) (a2) (a3)
1.2 p— 1.2 p—y 1.2 p—
1.0 ) —e— Absorptance 1.0 —e— Absorptance 1.0 | { —=e—- Absorptance
Al Nl OF f ( 0
% 0.8 % 0.8 % 0.8}
206 £ 06 £ 0.6
g e e
= 04f = 04f = 04
0.2 ] 0.2 0.2+ l
0.0 A 0.0 0.0} ' l l
(b1) (b2) (b3)
1.8 == Real(Z) 1.8¢ 1.8¢
——Im(2)
1.5} 1.5¢ 1.5¢
1.2¢ 1.2¢ 121
N 0.9} N 095 N 0.9}
0.6} 0.6 0.6+
0.3F 03F 0.3F
0.0 0.0 0.0

27 3.0 33 36 39 42 45
Frequency (THz)

27 3.0 33 36 39 42 45
Frequency (THz)

27 3.0 33 36 39 42 45
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FIG. 5 (al)Ha3) S, absorptance, and (b1)—~(b3) real and imaginary parts of the relative impedance for 010 single-band, 110 dual-

band, and 111 triple-band modes at resonance peaks, respectively.
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FIG. 6. Absorption as a function of incident frequency and (al)—~a3) substrate thickness or (b1)~(b3) incident angle for 010 single-

band, 110 dual-band, and 111 triple-band modes of the absorber.

was observed by scanning the diamond thickness, namely,
Rabi splitting, which is formed by the strong coupling
interaction between the FP resonance of graphene strips
and local intrinsic modes, as shown in the illustration in
Fig. 6(al). According to the dressed-state theory [51], the
resonant frequency of the FP cavity varies with the length
of the cavity, and the length of the cavity is tuned if the
thickness of the diamond substrate changes, which leads
to crossing being avoided and a significant Rabi splitting.
On the other hand, by changing the thickness of diamond,
the optimal geometric parameters can be provided for the
implementation of future absorption devices, and the opti-
mal diamond thickness obtained here is 6.1 um for the
010, 110, and 111 absorption modes in Figs. 6(al)—6(a3),
respectively.

To assess the robustness of the perfect absorber, this
section focuses on how different incident angles affect
absorptance. We define the angle of incident light ver-
tical to the absorber surface as zero angle (0°). For the
010 single-band mode, the influence of incident frequency
and angle on absorption is shown in Fig. 6(bl). The
absorber retains 90% absorptance over 0°—55° at 3.56 THz.
Figures 6(b2) and 6(b3) depict the absorptance distribution
for the 110 dual-band and 111 triple-band modes. Concern-
ing the absorption spectrum of all the resonance peaks, it
still maintains more than 90% absorptance at an incident
angle of 55°. Consequently, the proposed perfect absorber

for all the resonance modes possesses great angle tolerance
and good robustness.

IV. CONCLUSION

A universal method of realizing a multiband perfect
absorber in the THz regime is demonstrated through intro-
ducing multiple different Fermi levels into an expanded
period. Results reveal that nearly 99% perfect absorption
can be realized for the single-band, dual-band, and triple-
band modes. It is found that the resonant peaks can be
dynamically tuned by the Fermi level. Eight states are
generated by the digital coding metasurface under FPGA
control, namely, zero-band (000), single-band (100, 010,
001), dual-band (110, 101, 011), and triple-band (111)
modes. The random switching between n-band and m-band
modes can be conducted through digital programming. The
real part and imaginary part of the relative impedance
indicate that the perfect absorption is attributed to per-
fect impedance matching with the free space. Furthermore,
the absorbers consistently exhibit perfect absorption in
the 010, 110, and 111 modes at a dielectric thickness of
6.1 um. Through scanning the incident angle, we find that
the absorber possesses great angle tolerance and robust-
ness, while maintaining an absorptance over 90% with an
incident angle of 50°. The proposed absorber is dynami-
cally switchable and tunable by adjusting the Fermi level.
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Hence, it may find potential applications in THz switchable
filters, sensors, and 6G communication.
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