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Online Mar. 15, 2025 abilities to control electromagnetic wave properties. The integration of graphene
and metasurface propels metasurface to new heights of compact footprint,
reconfigurability, and multi-functionality. In this article, a reconfigurable
metasurface based on graphene optical antennas is designed as a reflective surface
that controls the beam steering by tuning graphene’s Fermi energy based on the
concept of a phase-shifting surface. The results demonstrated that the designed
metasurface can dynamically steer the reflected beam at different reflection angles,
in addition to their capability to reflect a single beam and three beams. The
metasurface exhibits high gain and directivity at different reflection angles. These
steering capabilities provide a potentially efficient method for developing and
simplifying dynamic reconfigurable beam-steering systems.
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1. Introduction

Beam steering technology is one of the most important topics in various applications, including light detection
and ranging (LiDAR) [1,2], free-space communications [3,4], and imaging [5-7]. Optical beam steering
involves dynamically forming or redirecting a collimated or focused light beam into a specific direction by
altering the relative phase of a wave [8]. The requirement for beam steering technology with high directivity
has grown in the infrared optics-based fields [9,10]. Conventional beam-steering techniques, including
microelectromechanical systems (MEMS) [11], spatial light modulators (SLM) [12], and diffraction gratings
[13] suffer from slow modulation speed, small beam-steering angle cause a narrow field-of-view (FOV), and
environmental/temperature sensitivity [8,14].

In recent years, metasurfaces have emerged as innovative technology for accurate wavefront manipulation
characterized by ultra-thin size and fast response [15]. Metasurface, the 2D counterpart of metamaterials, is an
ultrathin optical component composed of subwavelength elements, known as optical antennas, designed with
spatially varying structural characteristics [16,17]. By altering the geometry or material properties of this optical
antenna, the metasurfaces create a spatial variation in the reflected or transmitted wave properties [18]. A key
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feature of the metasurface is their ability to introduce abrupt phase discontinuities at the interface via
engineering the interaction between wave and optical antenna, enabling precise control over the optical
wavefront [19]. Thus, the metasurfaces are integrated with active materials or applied external stimuli such as
electrical or optical signals [20,21]. They offer the benefit of reconfigurability and multifunctionality, making
them suitable for various applications that demand real-time adaptivity [22-24]. Among these active materials,
Graphene is a monolayer of carbon atoms organized in a two-dimensional hexagonal lattice structure [25].
Graphene attracted significant interest in the infrared and terahertz (THz) regimes since its Fermi energy and
the corresponding surface conductivity can be tuned by applying a bias voltage [26]. Various reconfigurable
metasurfaces based on graphene have been wildly proven to realize dynamic beam steering [27-30]. In the
communication field, the primary function of dynamic beam steering is to expand the antenna coverage area so
that many communication devices can be accommodated. It also reduces path interference by enhancing the
gain and directivity of the antenna while reducing power consumption by directing the reflected beams (or
transmitted signals) to only the desired direction. In addition, it provides security against non-intended users by
controlling the properties of reflected beams through dynamic beam steering [31,32].

In this article, we propose a reconfigurable metasurface based on graphene optical antennas for dynamic beam
steering. The modulation in the Fermi energy of graphene optical antennas enables the phase shift distribution
required for beam steering. Therefore, the designed metasurface directs single- and triple-reflected beams in
different directions. The performance of the designed metasurface is characterized by high gain and directivity.
Thus, metasurface based on graphene optical antennas provides a promising reconfigurable platform for
dynamic beam steering systems.

2. Research method

The schematic of the proposed metasurface based on graphene optical antennas is shown in Figure 1a. It consists
of four layers: the top layer is graphene ribbons that act as optical antennas, which can be modulated to different
Fermi energy (Ef), an interlayer of polydimethylsiloxane (PDMS), a gold layer acts as the back reflector, and
a lower PDMS layer exhibits flexibility for structure. The corresponding sectional view for the designed
metasurface is demonstrated in Fig. 1(b). The periodicity of the graphene antenna (P) is set as 1.7um, and the
width of each graphene antenna (W) is set as 1.6um. The thickness (t1) and refractive index of the PDMS
interlayer are set as 0.8um and 1.96, respectively. Beneath the PDMS layer, there is an optically thick gold layer
with a thickness (t,) of 1um and a lower PDMS layer of 1pum thickness (t3). This structure can provide the Fabry-
Perot resonator in the PDMS spacing layer, in which the graphene antennas act as a partially reflecting mirror
in the front, and the gold layer serves as the total reflecting mirror in the back.
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Figure 1. (a) Schematic and (b) The sectional view of the designed reconfigurable metasurface based on
graphene optical antennas, respectively. P is antenna periodicity, W is graphene antenna width, t, is the
thickness of the gold layer, and t; and ts are the thickness of the upper and lower PDMS layers
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The electromagnetic response of graphene can be characterized by its surface conductivity (a,), which is
composed of two main parts: the interband (o;,ter) and intraband (oineq) cOnductivities. The surface
conductivity of graphene is described by the Kubo formula: o, = iyt + Ginter- FOr the infrared regions, the
surface conductivity of graphene that is dominated by the intraband transition can be derived by the semi-
classical Drude model [33]:

o(w) = __tefks [k%; + 2in (exp (%) + 1)] (D

T h2(w+it™1)

where w is the angular frequency, e is the electron charge, kj is the Boltzmann constant, T is the temperature,
h is the reduced Plank’s constant. The carrier relaxation time can be calculated by T = p Ef /e sz, where the

carrier mobility (u) is equal to 10*cm?/V. s and the Fermi velocity (V¢) is equal to 10° m/s. The permittivity

of graphene can be calculated from the equation: &5 =1+ 2@ Here, the &, and t, are the vacuum

wtgey
permittivity and the thickness of the graphene layer [34]. The Fermi energy of graphene can be expressed as
Ef=h I/}\/n_ns , the graphene carrier density n, = g,¢4V,;/e d, shows a linear dependence on the external
gate voltage (V). Thus, the Fermi energy of the graphene antennas can be easily modulated by tuning the gate
voltage [35]. We utilize the 2D Finite Element Method (FEM) to investigate the electromagnetic response of
the proposed reconfigurable metasurface by COMSOL Multiphysics software. To reduce the difficulty of
calculation, the finite graphene antenna thickness is replaced by the transition boundary condition, and the
graphene conductivity is allocated to a single interface whose effective thickness is t; = 0.34 nm. The linearly
polarized wave (A=12.7 pm) is normally incident on the metasurface, and its polarization is parallel to the x-
axis. Since the metasurface structure is constructed from the Fabry-Perot resonator (in interlayer PDMS) to
enhance the reflected phase. Firstly, we examine the effect of PDMS interlayer thickness (t1) on the reflectance
and reflected phase at different the Ef values.

Figure 2a and 2b illustrate the reflectance and reflected phase map as a function of PDMS interlayer thickness
and Fermi energy of the graphene antenna. A pronounced resonance feature is observed with an increase in t;
and E value, causing a variation in the reflected amplitude and the phase. Figure 2b shows that the phase shift
gradually increases with Ef and t; value, forming a stepped pattern due to the overlap between Fabry-Perot
resonance and graphene plasmons, leading to a large accumulation of the phase shifts for 2z coverage that is
required for full wavefront control [36]. When the Ef value above 0.72 eV and ti ~ 0.7-0.8um, the phase shift
reaches its maximum value equal to 350°, indicating a thicker PDMS layer (0.8um) is a better option for phase
modulation. Figure 2c and 2d show the reflectance and reflected phase shift of the metasurface with t;=0.8 pm
at different Fermi energies.
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Figure 2. (a) Reflectance and (b) Phase shift map as a function of the Fermi energy and the PDMS thickness.
(c) The reflectance and reflected phase shift of the metasurface as a function of the Fermi energy at t:=0.8 pm
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3. Results and discussion

The direction of the reflected beam can be steered by controlling the reflected phase per each graphene antenna.
The desired phase gradient can be achieved by arranging the sequence of Fermi energy of the graphene antennas;
thereby, the reflection angle becomes electrically reconfigurable. When the wave incidents normally on the

metasurface, the reflection angle of the designed metasurface is calculated according to generalized Snell’s law
[29]:

6, = sin™! (j_;%) (2

where 6,. is the reflection angles, Ao is the wavelength, d® and dx represent the phase difference and geometric
distance between adjacent graphene optical antennas. The designed metasurface is constructed with twenty
graphene optical antennas. The Fermi energy corresponding to the phase between adjacent graphene antennas
is obtained by applying the relationship between the Fermi energy and phase in Figure 2c. Thus, the metasurface
was designed with the phase shift of 0°, 16°, -16°, and -29° between adjacent graphene ribbons to steer the beam
with reflection angles 0° 20°, -20° and -37°, respectively. The simulated electric field Ex distribution
demonstrated an anomalous reflection of the reflected wave in a single beam, as shown in Figure 3a-d. Figure
3f-h illustrates the distribution of phase shift and Fermi energy along the metasurface to achieve a reflected
beam with different reflection angles. For a reflection angle of 20°, as shown in Figure 3f, the reflected phase
varies significantly, especially in the first half of the metasurface, where multiple phase discontinuities appear
due to variations in graphene's Fermi energy. The linear decline of Fermi energy suggests a controlled tuning
for graphene conductivity, which affects the surface plasmon characteristics that interact with the incident beam
to reflect it at an angle of 20°.

This distribution of a phase shift and Fermi energies are reversed along the metasurface to reflect the beam at
an angle of -20° as demonstrated in Figure 3g. The phase response follows a complex variation to reflect the
beam at an angle of -37°, showing discontinuities and jumps at specific points, as depicted in Figure 3h. The
sharp phase transitions align with the points where the Fermi energy changes abruptly. Fermi energy forms a
periodic triangular pattern with linear increases and sudden drops, which refers to the tuning of graphene
conductivity along the metasurface. The abrupt phase changes with the tuning of graphene conductivity indicate
that each graphene antenna of the metasurface acts as a localized phase shifter to reflect the beam at an angle of
-37°.

To perform multi-beam steering for directional radiation, different phase shifts are introduced to the graphene
antennas. Using the same twenty graphene antennas with changes the phase shift to + 24° to reflect the wave at
+30°. Figure 3e shows the simulated electric field Ex distribution of three beams at reflection angles of -30°, 0°,
30°. The distribution of phase shift and Fermi energy along the metasurface is depicted in Figure 3i. The phase
distribution curve exhibits three distinct phase gradient regions, each corresponding to a different spatial section
of the metasurface. These controlled variations in the reflected phase allow for three separate reflection angles,
meaning the wave is split into three beams instead of reflecting in a single direction. These phase gradients
correspond to abrupt changes in Fermi energy, showing a direct relation between graphene’s electrical tuning
and phase modulation to reflect three beams at three different angles.

The performance of the designed metasurface based on graphene optical antennas is described by calculating
the far-field radiation pattern and directivity of the reflected beam. Figure 4a-d demonstrates a far-field radiation
pattern corresponding to the simulated electric field distribution in Figure 3. These results show a good
agreement with the theoretical values of angles. In the far-field region, a single beam with a gain of 36dB,
35.8dB, and 34.9dB is observed at the direction of 0°, 20°, -20°, and -37°, respectively. The directivity value
reaches 39.1dB, 37.5dB, and 35.26dB for a reflected beam with angles 0°, 20°, and -37°, respectively. The
directivity is calculated according to the Kraus formula in [37]. The radiation pattern of the metasurface shows
a high-directional beam with low distortions. The radiation pattern for multiple reflected beams with angles of
-30°, 0°, 30° is illustrated in Figure 4e. The radiation pattern shows three beams with a gain of 27.6dB, 16dB,
and 21dB and a directivity of 31dB, 23.4dB, and 28.1dB.

The dynamic redirecting of a collimated light beam into a specific direction or position by modulating the Fermi
energy of graphene optical antennas enables reconfigurable optical systems for applications in infrared imaging,
sensing, and wireless optical communications.
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Figure 3. (a, b, c, d, e) Electric field distribution and (f, g, h, i) Distribution of the Fermi energy (red line) with
the reflected phase (blue line) along the designed metasurface at 0°, 20°, -20°, -37°, and -30° 0° 30°.
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Figure 4. (a, b, c, d, e) The far-field radiation pattern of reflected beam at angles 0°, 20°, -20°, -37°, and -30° 0°
30°, respectively.
Table 1 compares the reconfigurable metasurface based on graphene optical antennas proposed in this work
with previous studies.
Table 1. Comparison of the reconfigurable metasurface based on graphene antennas.

Ref. Frt(e_lqtﬁlezr;cy Reflectance S;eneé;gg No. of beams %aér; D"Z;;;“ty
[38] 5 0.59 0°-35° Single - -
[39] 1.05 0.45 -5°,-11°,-17°,-23° - - 9.6
[40] 12.32 0.55 130,-42° 42° Single,double,triple 30.1 -
[41] 3-4 0.6 20.2°,23.3°,27.4° Single - -

Our work (153;'Sm) 0.82 0°,£20°, £30°,37° Single & triple 36 39.1

4, Conclusions

In summary, we have introduced and numerically investigated a reconfigurable metasurface based on graphene
optical antennas for dynamic beam-steering function. The graphene antennas can introduce 350° phase
modulation by tuning the graphene's Fermi energy. The simulation results demonstrated that the designed
metasurface can dynamically steer the reflected beam with different reflection angles. The near-field
distributions and the far-field radiation pattern show the metasurface capability to reflect a single beam and
three beams. The performance of the designed metasurface is characterized by high gain and directivity with
low distortion. Depending on the capability of the metasurface based on graphene antennas to perform dynamic
beam steering, it provides superior solutions for multi-user indoor communications systems.
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