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Terahertz metasurface with digital, programmable control recently gained considerable
attention for its potential applications in high-speed imaging, nondestructive sensing, and
wireless communication. With elaborate design, the metasurface can perform amplitude,
phase, and polarization modulations of electromagnetic waves. Most digital
programmable metasurfaces focus on only one of the three dimensions. Here, we
propose a graphene-based THz metasurface with both phase and amplitude
modulations, which consists of an artificially constructed metal-insulator-metal structure
and two-dimensional graphene material. Each meta-atom of the metasurface is divided
into two sub-atoms, and the two sub-atoms can reflect terahertz waves with a phase
difference of 180°. Meanwhile, the amplitude of the sub-atom can be effectively modulated
or even switched off by applying different gate voltages to the graphene. By independently
controlling the amplitude response of the two sub-atoms, the whole meta-atom can
dynamically control both amplitude and phase responses of the cross-polarization waves.
By carefully designing the coding patterns, the digital metasurface can control both beam
direction and intensity, which may lead to various advanced applications in beam shaping,
radar detection systems, and high-quality holography.

Keywords: digital coding metasurface, programmable metasurface, graphene, amplitude modulation, phase
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INTRODUCTION

Since 2014, the concept of digital coding metasurfaces and programmable metasurfaces has attracted
growing interests (Cui et al., 2014). By binary encoding the meta-atoms’ states of metasurfaces, the
electromagnetic (EM) responses of meta-atoms can be characterized with n-bit digital code rather
than continuous EM parameters, which built a bridge between the physical and digital world, and
brought a new perspective of information science on metasurfaces (Cui et al., 2017; Cui et al., 2020).
Metasurfaces or two-dimensional metamaterials have demonstrated unprecedented EM control
capabilities in both scientific and engineering communities for their unique, finely tailorable
properties (Zheludev and Kivshar, 2012; Wang et al., 2019; Fu et al., 2020). With superior
capabilities in manipulating EM waves, metasurfaces have shown great flexibility in amplitude
modulations, phase shifts, and polarization conversions (Yang et al., 2019; Shi et al., 2020; Wan et al.,
2021). Owing to these unprecedented superiorities, many applications have been implemented such
as beam steering, holograms, multiple beams, vortex beams, and so on (Yang et al., 2018b; Bodehou
et al., 2020; Wang et al., 2020; Liu et al., 2021).
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Until now, most metasurfaces focus on one of the three field:
phase modulation, amplitude modulation, and polarization
modulation, which cannot manipulate the EM waves
comprehensively (Sun et al., 2020; Huang et al., 2021; Qing
et al., 2021). Only a small number of cases of metasurfaces
with both amplitude and phase modulations have been
reported. In 2014, a transmissive metasurface with
simultaneous control of phase and amplitude is proposed (Liu
et al., 2014). The phase control is determined by the geometrical
configuration of each meta-atom, and the amplitude control is
realized by angular orientation manipulation. In 2018, a
holographic metasurface with X-shaped meta-atoms is
reported, which can control both phase and amplitude
response by tuning the orientations of two arms (Lee et al.,
2018). In 2019, Bao et al. proposed a method to form and
control multiple beams independently, which requires both
amplitude and phase control (Bao et al., 2019).

However, the cases mentioned above are all focused on passive
devices, whose applications are limited by their fixed structures
with single functionality. Thus, researchers look forward to
finding active methods to manipulate both amplitude and
phase in real-time. In 2022, Wang et al. demonstrated an
intelligent metasurface with a three-ring structure. One out
spilt ring provide the phase profile while the other two closed
rings are used to control the amplitude response, and three
varactor diodes are loaded in each meta-atoms to ensure
active manipulating of both amplitude and phase response
(Wang et al., 2022). However, in the terahertz (THz) band,
the application of semiconductor components faces certain
challenges, such as microelectromechanical system switches,
and tunable materials, such as graphene, liquid crystals, and
vanadium dioxide (Yang et al., 2018a; Ding et al., 2018; Roy
et al., 2018; Zhang Zhang et al., 2018).

Graphene has been extensively demonstrated as an important
tunable materials. Compare to other tunable materials like liquid
crystals or barium strontium titanate, graphene can modulate
conductivity rather than dielectric constant, which will benefit the
independent modulation of amplitude and phase. Additionally,
graphene can be controlled by an external electric field. Unlike
other methods such as thermal or optical control, electrical
control is preferred for its high efficiency, high speed, and
compatibility with the circuit.

In this study, we propose a graphene-based programmable
metasurface with both amplitude and phase modulations. The
metasurface consists of an artificially constructed metal-
insulator-metal structure and two-dimensional graphene
material. The meta-atoms of the designed metasurface
comprise two double-sided-arrow-shaped sub-atoms, and the
two sub-atoms can reflect THz waves with a phase difference
of 180°. The active electronically control of metasurface is enabled
by integrating a single layer of graphene onto the metasurface. By
applying different gate voltages to the graphene, the sub-atomwill
reflect the cross-polarized EM waves with different amplitudes or
even switched off the cross-polarized reflected wave. By selecting
one sub-atom to switch on and switching off the other sub-atom,
the phase response of the meta-atom can be effectively
modulated. We believe the designed THz digital

programmable metasurface with the ability to control
amplitude and phase responses independently has potential
applications in beam shaping, radar detection systems, high-
quality holography, and communication system.

GRAPHENE MODELING

Graphene, which is made up of a single layer of honeycomb-
shaped carbon atoms, has been demonstrated as a promising
platform for active reconfigurable THz devices for its high
electrical tenability (Engel et al., 2018). To realize the precise
evaluation of the modulated performance of the designed THz
programmable metasurface, the graphene is modeled as an
infinitesimally thin sheet. The surface conductivity of graphene
consists of two components: the interband conductivity and the
intraband conductivity (Zhang Zhang et al., 2018). According to
the Pauli Exclusion Principle, the contribution of interband
transitions is negligible in the THz band, and the Drude
model of graphene surface conductivity in intraband can be
described by (Wang et al., 2015):

σs � e2kBTτ(1 + jωτ)πZ2
⎡⎢⎢⎢⎢⎢⎢⎣ μc
kBT

+ 2ln⎛⎜⎜⎝e−
μc
kBT + 1⎞⎟⎟⎠⎤⎥⎥⎥⎥⎥⎥⎦ (1)

where kB is the Boltzmann constant, ħ is the reduced Plank
constant, T is the temperature, ω is the angular frequency, e is the
charge of the electron, τ is the relaxation time, and μc is the
chemical potential of graphene. We assume T = 300 K and τ = 0.1
ps according to some practical works (Lee et al., 2012; Lee et al.,
2018). Since the chemical potential of graphene μc can be
effectively controlled by carrier concentration, the surface
conductivity of graphene sheet can be modulated by external
electric field. Hence, the EM response of the graphene
metasurface can be electronically controlled.

DESIGN AND SIMULATION OF
META-ATOMS

The 3D schematic and profile of the designed graphene-based
meta-atom are shown in Figure 1. It consist of two sub-atoms
with two mono-layer graphene patches under two double-sided-
arrow-shaped metal patterns. The material SU-8 with 50 μm
thickness sever as substrate, and a metal layer at the bottom
sever as the ground. Above the substrate, a 25-μm-thick poly-
silicon and a 300-nm-thick silicon oxide are used to change the
chemical potential of the graphene. By applying different voltages
between the graphene and the silicon, the chemical potential is
changed, and the surface conductivity of graphene is effectively
modulated.

As shown in Figures 1A,B, each meta-atom can be divided
into two sub-atoms, and each sub-atom consists of a double-
sided-arrow-shaped metal and a mono-layer graphene patch. The
double-sided-arrow structure can realize the linear polarization
conversion. The reflection magnitude of the cross-polarization
under y-polarization incidence is simulated using CST
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Microwave Studio (3DS, France). After careful optimization, the
designed parameters of the meta-atoms are l = 180 μm, l s =
50 μm, α = 55°, w = 10 μm, and p = 250 µm. Figure 2 is the
simulated conversion efficiency and phase of each sub-atom. As
we can see, with the increase of the chemical potential, the
efficiency of polarization conversion decreases, The amplitude
of cross-polarization reflect waves is close to 0 when the chemical
potential of graphene is 0.4 eV, which can be regarded as the
switched-off state. Correspondingly, when the chemical potential
of graphene is lower than 0.4 eV, the states can be viewed as

switched on. The maximum conversion efficiency of each sub-
atom is only 62%, which can be attributed to direct reflect from
the graphene layer. Graphene has similar electromagnetic
properties to metals, so most of the other energy is reflected
in co-polarization. Meanwhile, the cross-polarization phase
difference between the two sub-atoms is about 180°, and this
difference can be attributed to the symmetry between the two
sub-atoms.

The simulated cross-polarization response of the whole meta-
atoms for different chemical potential at 0.45 THz is

FIGURE 1 | (A) The 3D schematic diagram of the meta-atom. (B) The main view of the meta-atom, where l = 180 μm, l s = 50 μm, α = 55°, w = 10 μm, and p =
250 µm. The red dash line divide the meta-atom into two sub-atoms.

FIGURE 2 | (A) The simulated conversion efficiency and phase of left sub-atom. (B) The simulated conversion efficiency and phase of right sub-atom.
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demonstrated on Figure 3. As we can see, the amplitude response
can be modulated by changing the graphene chemical potential of
the switched on sub-atom. Since the phase responses of the two
sub-atoms are opposite, the reflected waves will cancel each other
out, and the maximum amplitude can only be achieved when one
of the sub-atom is switched off. Therefore, the amplitude
response of meta-atoms can’t exceed 50%. According to the
simulation results, the amplitude response varies from 0.004 to
0.33, which means the amplitude modulation depth of the meta-
atoms is about 98.8%. The minimum polarization conversion
efficiency is much lower than single sub-atoms, which can also be
attributed to the fact that the cross-polarization reflections of the
two sub-atoms cancel each other out. In addition, the phase
response of the meta-atoms can be controlled by choosing which
sub-atoms is switched on, and the range of phase modulation is
about 180°. Therefore, the phase responses of the meta-atoms
meet the requirement of a 1-bit digital metasurface.

According to the simulated results, the state of the meta-atom are
quantized to 8 codes, in which the amplitude response is 2 bits and
the phase response is 1 bit.Table 1 is the chemical potential of the left

sub-atom and right sub-atom for different amplitude and phase
codes, and Figure 4 is the simulated cross-polarization response for
all 8 codes. The amplitude code “00”, “01”, “10” and “11” repentant 0,
11, 22 and 33% polarization conversion efficiency at 0.45THz,
respectively. The phase code “0” and “1” repentant the 0 and 180°

phase response, respectively. The codes of the whole meta-atom can
be written in the form of “amplitude coding/phase coding”. For the
code “00/0” and “00/1”, the two sub-atoms are both switched off, so
their responses are actually the same. Considering the polarization
conversion efficiency of the two coding states are 0, their phase
responses is not important and can be ignored. As the Figure 4
shows, the other 6 codes’ phase responses and all 8 codes’ amplitude
responses are in good agreement with the design. The bandwidth of
the metasurface is about 60 GHz (0.415THz-0.475 THz), which can
be further extend bymodifying themetal structures (Guo et al., 2020).

DESIGN OF CODING PATTERN

To demonstrate the powerful ability to modulate both amplitude and
phase. We designed different coding pattern for the proposed
metasurface that is composed of 16 × 16 sub-wavelength meta-
atoms, and verified the ability to control the intensity and
direction of the reflective beams. To simplifier the design process,
we use the phase codes is designed to control the direction of the
beams, while the amplitude codes to manipulate the intensity of the
reflective beams. For the 1-bit digital metasurface, if the number of the
meta-atoms is finite, and the codes of meta-atoms are arranged
periodically, the maximum reflective intensity will be achieved,
when and only when the elevation angle θ and azimuth angle φ
satisfy the following equations (Xin Ge Zhang et al., 2018):

φ � ± arctan
Γx
Γy
,φ � π ± arctan

Γx
Γy

(2)

FIGURE 3 | (A) The simulated conversion efficiency of whole meta-atom for different chemical potential at 0.45 THz. (B) The simulated cross-polarization phase of
whole meta-atom for different chemical potential at 0.45 THz.

TABLE 1 | The chemical potential of the left sub-atom and right sub-atom for
different codes.

Codes Chemical potential of
the left sub-atom

(eV)

Chemical potential of
the right sub-atom

(eV)

“11/1” 0.4 0.01
“11/0” 0.01 0.4
“10/1” 0.4 0.08
“10/0” 0.08 0.4
“01/1” 0.4 0.18
“01/0” 0.18 0.4
“00/1” 0.4 0.4
“00/0” 0.4 0.4
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θ � arcsin⎛⎝λ
������
1
Γ2x

+ 1
Γ2y

√ ⎞⎠ (3)

where Γx and Γy are the physical periodic lengths of the coding
sequence along the x- and y-directions, respectively. According to
Eqs 2, 3, the direction of the reflective beams mainly depends on
the physical periodic lengths of the phase coding pattern.

The designed coding patterns and their corresponding simulated
results at 0.45 THz are shown in Figure 5. At the working frequency
0.41THz, the transmitted beam is steered as the periodicity of the
metasurface changes. ForFigure 5A, all themeta-atoms’ phase codes

are “0”, which means the physical periodic lengths of the coding
sequence is infinity in both the x- and y-directions, i.e., Γx → ∞ and
Γy→∞, so there is only one beam at θ = 0° (as the Figure 5B shows).
For the Figure 5C, the physical periodic lengths of the coding
sequence is Γx = 4p = 1.5λ and Γy →∞, so the direction of the
simulated beams (θ, φ) are (41°, 0°) and (41°, 180°). For the
Figure 5E, Γy = 8P = 3λ and Γx →∞, and the two main
reflection beams are generated at (19.5°, 90°) and (19.5°, 270°),
respectively (as the Figure 5F shows). For the Figure 5G, the
phase codes changes in both x- and y-directions, and Γx = 4p =
1.5λ, Γy = 8P = 3λ. According to Eq. 2 and Eq. 3, we will obtain four

FIGURE 4 | (A) The simulated conversion efficiency of whole meta-atom for the 8 different codes. (B) The simulated cross-polarization phase of whole meta-atom
for the 8 different codes.

FIGURE 5 | Coding patterns and simulated x- polarized 3D scattering patterns under the y-polarized incident wave for manipulation of beam direction. (A,C,E,G)
are coding patterns. (B,D,F,H) are corresponding 3D scattering patterns.
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main beams, and the direction of the four beams are (48.2°, 26.57°),
(48.2°, -26.57°), (48.2°, 206.57°) and (48.2°, -206.57°) (as the
Figure 5H shows). The simulated results demonstrated the
proposed metasurface shows great ability of beam steering.

Next, we will verified the ability to control the intensity by
changing the amplitude codes. In Figure 5, the amplitude codes
of all meta-atoms are “11”. In order to uniformly manipulate the
intensity of all the outgoing beams, amplitude codes of all meta-
atoms in Figure 5C are uniformly changed to “10” and “01”
respectively, as the Figures 6D,G show. Figures 6A,B are the
copy of the Figures 5C,D. The simulated results are
demonstrated in Figures 6E,H, the intensity of the outgoing
beams is reduced to –3.68 dB and –11.3 dB, respectively. Figures
6C,F,I are the 2D scattering patterns of Figures 6B,E,H at φ = 0°.
The direction of the main beams are (41°, 0°) and (41°, 180°), which
are same as the result in Figure 5D. Therefore, the modulation of
amplitude and phase can is independent of each other.

CONCLUSION

In summary, we designed and simulated a graphene-based THz
programmable digital-coding metasurface. The metasurface can
actively manipulate both amplitude and phase response of cross-
polarized reflected waves by controlling the graphene conductivity.
The amplitude modulation depth of the meta-atoms is about 98.8%,
while the phase-tuning range is 180°. On this basis, we designed the

coding patterns of the digital metasurface, and the metasurface
successfully controls the beam direction and intensity. The
simulated results demonstrate the designed graphene-based digital
programmable metasurface has unprecedented capabilities to
control and modulate THz beams. The designed digital
programmable metasurfaces are expected to expand the potential
applications for radar, sensing, and THz wireless communications.
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