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Metasurface represents a transformative advancement in photonics, offering unparalleled control over elec-
tromagnetic wave properties. The combination of graphene and metasurfaces propels metasurfaces to new
heights of compact footprint, reconfigurability, and multi-functionality. This article proposes a reconfigurable
metasurface based on graphene micro-ribbons to focus the reflected beam dynamically by adjusting the Fermi
level of graphene. Based on the phase shift distribution generated by modulating graphene Fermi level, the
metasurface can focus the beam at different focal lengths, shift the focal point, and focus the beam at the
double focal point. The performance of the metasurface is characterized by calculating the focusing efficiency,
full width at half maximum, and the numerical aperture. The metasurface exhibits high efficiency at long focal
lengths. These focus capabilities provide a potentially efficient method for the development and simplification
of reconfigurable beam-focusing systems.
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1. Introduction

Metasurface, the two-dimensional counterpart of metama-
terials, is an ultrathin optical component composed of sub-
wavelength elements, known as meta-atoms, designed with
spatially varying structural characteristics [1, 2]. By alter-
ing the geometry or material properties of these meta-atoms,
the metasurfaces create a spatial variation in the reflected
or transmitted wave properties [3, 4]. A key feature of
metasurfaces is their ability to introduce abrupt phase dis-
continuities at the interface via engineering the interaction
between light and meta-atoms, enabling precise control
over the optical wavefront [5]. Traditional metasurfaces
have been pivotal in advancing optical manipulation tech-
nologies, but their static nature limits their applicability in
dynamic environments [6, 7]. The rapid development of
feasible devices with dynamic responses has progressed to-
ward reconfigurable and tunable metasurfaces [8]. Thus, the
metasurfaces are integrated with active materials or applied
external stimuli such as electrical or optical signals [9, 10].
They offer the benefit of reconfigurability and multifunc-
tionality, making them suitable for photonics applications
that demand real-time adaptivity [11, 12]. Among these

active materials, Graphene is a monolayer of carbon atoms
organized in a two-dimensional hexagonal lattice structure
[13]. Graphene attracted significant interest in the terahertz
(THz) and infrared regimes since its Fermi level and the cor-
responding surface conductivity can be tuned by applying a
bias voltage [14, 15]. Various metasurface-based graphene
has been wildly proven to realize reconfigurable metalens
[16—19]. Yao et al. (2018) introduced spectrally and spa-
tially tunable THz metalens, leveraging the dynamic control
of graphene plasmons. The metalens with a focal length of
100 um demonstrated spectral tunability at the operating
frequencies 4 THz, 5 THz, and 6 THz. While at 5 THz, the
metalens exhibited spatially tunable with a 50 ym and 150
um focal length [20]. Shang et al. (2020) designed dynam-
ically tunable metalens with the center focusing along the
y-axis with focal lengths of 400 ym, 500 um, and 600 pm,
besides the off-center focusing with focal lengths of 400
um and different displacements on the x-axis [21]. He et al.
(2023) proposed reconfigurable metalens based on graphene
micro-ribbons to generate two focal points of 500 pm focal
length with different positions in the same focal plane [22].
Zhang et al. (2023) presented a graphene-enabled tunable
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metasurface consisting of a double-layer graphene ribbons
array to work as metalens with tunable focal length ranges
of 140 um, 540 um, and 900 um [23]. Wu et al. (2024)
introduced reconfigurable metalens composed of bilayer
graphene strips to focus the light with a focal length of 950
um. They employed an inverse design strategy based on a
hybrid evolutionary algorithm to enhance beamforming per-
formance and overcome the limitations of forward design
methods, which desert the response impact of the non-ideal
unit structure. This strategy successfully increased the fo-
cusing efficiency to 40% [24].

In this article, we design a reconfigurable metasurface based
on graphene micro-ribbons operating in reflection mode as
metalens. The metasurface capability to perform tunable
focusing, focusing shift, and double focus in the infrared
regime is investigated. The designed metasurface focuses
a reflected beam at three different focal lengths along the
focal plane and shifts the focal point along the metasurface.
Additionally, focus the reflected beam in double focal points
at different positions in the same focal plane by modulat-
ing the Fermi level of graphene ribbons to realize the phase
shift distribution required for the beam focusing. The results
show higher reflectance (~ 0.82), longer focal length (980
um), and higher focusing efficiency (51%) compared with
studies in [20-24]. Consequently, our metasurface based
on graphene micro-ribbons provides a promising reconfig-
urable platform for multifunctional imaging applications.

2. Structure and design method

The schematic of the proposed metasurface based on
graphene micro-ribbons is shown in Fig. 1 (a). It consists of
four layers: The top layer is graphene ribbons, which can
be modulated to different Fermi levels (Ey), an interlayer
of polydimethylsiloxane (PDMS), a gold layer acts as the
back reflector, and a lower PDMS layer exhibits flexibil-
ity for structure. The corresponding sectional view for the
designed metasurface is demonstrated in Fig. 1 (b). The
period of graphene ribbons (P) is set as 1.7 um, and the
width of each graphene ribbon (W) is set as 1.6 um. The
thickness (1) and refractive index of the PDMS inter-layer
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are set as 0.8 um and 1.96, respectively. Beneath the PDMS
layer, there is an optically thick gold layer with a thickness
(tz) of 1 um and a lower PDMS layer of 1 um thickness (#3).
This structure can provide the Fabry-Perot resonance in the
PDMS spacing layer, in which the graphene ribbons act as
a partial reflecting mirror in the front, and the gold layer
serves as the total reflecting mirror in the back to enhance
the reflected phase.

This metasurface can be practically implemented using the
following steps: First, the gold layer is formed via DC sput-
tering on a glass substrate that has been preliminarily spin-
coated with a thin layer of PDMS. Second, a PDMS spacing
layer with a predetermined thickness is coated through spin-
coating and baking on the groundwork. The monolayer
graphene is transferred onto the PDMS spacing layer. Third,
the graphene ribbon array is patterned using electron beam
lithography and oxygen plasma etching. The gold film is
placed on the graphene as the source electrode throughout
this process using a simultaneous electron beam evaporation
and lift-off technique. Finally, the entire metasurface can
be exfoliated from the grass substrate.

The electromagnetic response of graphene can be character-
ized by its surface conductivity (o), which is composed of
two main parts: The interband (Giyer) and intraband (Gingra)
conductivities. The surface conductivity of graphene is
described by the Kubo formula: 6, = Gipgra + Oinger. For
the infrared and THz regions, the surface conductivity of
graphene is dominated by the intraband transition [25, 26]:

kT B -
o(w)= nh2(w+i1—1)[ +21In(exp( )+ 1) (D

kgT kgT
where @ is the angular frequency, e is the electron charge,
kp is the Boltzmann constant, 7 is the temperature, / is the
reduced Plank’s const%nt. The carrier relaxation time can
be calculated by 7 = ‘:7?, where the carrier mobility (1) is
equal to 10* cm?/Vs and the Fermi velocity (V) is equal
to 10® m/s. The permittivity of graphene can be calculated
from the following equation [27]:
o, (0)

g =1+i—2—~ 2
s +l(l)tg£() 2)
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Figure 1. (a) Schematic and (b) The sectional view of the designed reconfigurable metasurface based on graphene micro-ribbons, respectively. P is
ribbon periodicity, W is graphene ribbon width, #, is the thickness of the gold layer, and #; and #3 are the thickness of the upper and lower PDMS layers.
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Here, the & and #, are the vacuum permittivity and the
thickness of graphene layer. The Fermi level of graphene
can be expressed as Ey = hiVyy/Ting, the graphene carrier

density ny = % shows linear dependence on the external
gate voltage (V). Thus, the Fermi level of graphene can be
easily modulated by tuning the gate voltage [28]. We utilize
the two-dimensional Finite Element Method (FEM) to cal-
culate and investigate the electromagnetic response of the
proposed reconfigurable metasurface by COMSOL Multi-
physics software. To reduce the difficulty of calculation, the
finite ribbon thickness is replaced by the transition bound-
ary condition, and the graphene conductivity is allocated
to a single interface whose effective thickness is #, = 0.34
nm. The linearly polarized wave is normally incident on
the metasurface, and its polarization is parallel to the x-axis.
When the incident wave coupled with the metasurface, the
plasmon resonance can excite at the graphene ribbons [29].
Firstly, we examine the effect of incident wavelength on
the metasurface with changing the value of E¢. Fig. 2 (a)
and 2 (b) illustrate the reflectance and reflected phase map
as a function of the wavelength and Fermi energy of the
graphene ribbon. A high reflectance (> 0.8) and a strong
phase shift are observed at longer wavelengths (10 — 14 um)
with altering the value of E¢. The modulation of E shifts
the resonant dip in the reflective spectra with a change in the
incident wavelength. Therefore, the resonant wavelength
experiences a blue shift when the Fermi level increases due
to decreasing the graphene permittivity with increasing car-
rier concentration [21, 30]. Meanwhile, the phase shift can
cover 350°, as depicted in Fig. 2 (b), due to the overlap
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between the Fabry-Perot resonance and graphene plasmons,
leading to a large accumulation of the phase shifts for 27
coverage [31]. The wavelength of 12.7 um is selected for
the incident wave because the phase shift at 12.7 um is
much closer to 350° than other wavelengths. Fig. 2 (c) and
2 (d) show the reflectance and reflected phase shift of wave
with 12.7 um wavelength at different Fermi energies.

3. Results and discussion

The metasurface based on graphene micro-ribbons is de-
signed as a reflective metalens that controls beam focusing
by tuning graphene’s Fermi energy based on the concept of
a phase-shifting surface.

3.1 Tunable focus

To focus the reflected wave at a certain focal length (F),
the phase shift distribution ¢(x) along the metalens should
satisfy [32]:

_27r

o) = - (VFI+ 22— F)

3)
where A is the incident wavelength, x = mp is the position
of graphene ribbons, p is the periodicity of the graphene
ribbons, and m = 0, +1, £2, ... A dynamically varifocal
metalens constructed of 101 graphene ribbons is designed
to tune the focusing with three focal lengths of 300 um, 670
um, and 980 um. When the wave of 12.7 um wavelength
is normally incident on the metalens, graphene ribbons pro-
duce abrupt phase changes with a specific distribution at the
interface, and the reflected beam is focused at a particular
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Figure 2. (a) The reflectance and (b) reflected phase profile of metasurface versus Fermi level and wavelength. (c) and (d) reflectance and the reflected

phase at a wavelength of 12.7 um as a function of Fermi level.
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focal length. The phase shift can be achieved by configur-
ing the sequence of Fermi energy of graphene ribbons. The
phase shift distribution generated by graphene ribbons is
calculated theoretically using Eq. (3). The Fermi energy
corresponding to the phase at each position is obtained by
applying the relationship between the reflected phase and
the Fermi energy in Fig. 2 (d). When the Fermi level in-
creases, it increases the carrier concentration and decreases
the graphene permittivity. Therefore, light incidents on
graphene ribbons with specific permittivity are reflected in
the phase corresponding to the phase between the adjacent
ribbons. The normalized electric field intensity distribution
at the x-z plane in Fig. 3 (a), 3 (b), and 3 (c) depicts that
the electric field intensity along the z-axis is concentrated
at three focal lengths of 300 um, 670 um, and 980 pum,
respectively. The simulation results agree with the theoret-
ical design objective. Fig. 3 (d), 3 (e), and 3 (f) show the
phase distribution, while Fig. 3 (g), 3 (h), and 3 (i) illustrate
the sequence arrangement of the Fermi energy along the
metalens. In Fig. 3 (d), the phase distribution is designed
to create a parabolic phase profile, which is essential for
focusing reflected beams. The rapid phase variations at the
edges indicate a high phase modulation due to tuning the
graphene conductivity. The smooth phase variation in the
center corresponds to a controlled region where the phase
gradient leads to constructive interference at the focal point.
The Fermi energy is modulated symmetrically across the
metalens, as illustrated in Fig. 3 (g). The central region has
lower Fermi energy, while the outer regions show a signifi-
cant increase, referring to conductivity tuning to achieve the
required phase shift for beam focusing. Thus, the parabolic

Abdulkareem et al.

phase profile is designed to ensure that reflected waves
constructively interfere at a specific focal length (300 pm).
Meanwhile, the corresponding graphene Fermi energy is dis-
tributed to achieve the required phase modulation. Fig. 3 (e)
demonstrates the variation of the reflected phase across the
metalens. A gradual phase change in the central region
represents a smooth phase variation, which is crucial for
beam focusing. The high oscillations in the phase on the
outer edges indicate abrupt phase changes, which means
the reflected beams will converge at a distance equal to the
focal length. Fig. 3 (h) shows a designed modulation of
the graphene Fermi energy, which directly influences the
local conductivity and permittivity of the metalens. A lower
Fermi level in the center and higher Fermi levels on the
sides for an optimized phase response. Therefore, the de-
signed variation of Fermi energy corresponds to the required
phase profile to achieve constructive interference at a focal
length of 670 um. In Fig. 3 (f), the central region features a
designed phase variation, while the high oscillations at the
edges indicate strong phase modulation, which is crucial
for achieving constructive interference at the target focal
point. The phase profile has been optimized to focus the
reflected beams at a focal length of 980 um. Fig. 3 (i)
shows a peak-trough arrangement in Fermi energy, which
means that different regions of the metalens are electrically
tuned to achieve the required phase shifts. The lower Fermi
energy regions correspond to lower conductivity, while the
higher Fermi energy regions correspond to higher conduc-
tivity, allowing dynamic control over the reflected phase.
The specific Fermi energy profile is designed to generate the
necessary phase gradient, ensuring that the reflected beams
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Figure 3. Tunable focusing metalens. (a, b, c) Normalized electric field intensity distribution (d, e, f) Phase shift profile and (g, h, i) Fermi energy as a
function of position along the metalens for 300 um, 670 pm, and 980 um focal lengths.
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focus at 980 um.

A metalens is characterized by two major parameters: full
width at half maximum (FWHM) and focusing efficiency
(ns) [33]. FWHM of the normalized electric field intensity
in the focal plane along the metalens is calculated, as shown
in Fig. 4 (a). The FWHM increases with a focal length to
be 8.1 um, 9.8 um and 12 um for focal lengths of 300 pm,
670 um, and 980 um, respectively. This is related to the
fact that the focal point becomes larger as the focal length
increases [34]. Additionally, the increase in FWHM is asso-
ciated with increasing focusing efficiency, as demonstrated
in Fig. 4 (b). The focusing efficiency is obtained according
to the following equation [35]:

_ |Erwimx3|?

= x 100% )
' |Et0tal ‘2

where Erwimx3 1 the electric field energy within the range
of the triple FWHM in the focal plane and Eyy is the
electric field energy of the incident wave through the fo-
cal plane. The focusing efficiency is 48.8%, 49.3%, and
51.7% for focal lengths of 300 um, 670 um, and 980 um,
respectively. The light-gathering capability is determined
by calculating the numerical aperture using the equation:
NA = sin[tan~!(£)] [36]. where D is the width of the
designed metalens. NA is proportioned inversely with the
focal length, as shown in Fig. 4 (b).

3.2 Focusing shift

The focal point can be dynamically shifted along the met-
alens x-axis. The modulation in Fermi energy of graphene
ribbons realized the phase shift distribution required for
focusing shift. The phase shift distribution generated by
graphene ribbons is calculated according to the following
equation [37]:

00 =TGP AR -F) )

where Ax represent the shift distance along the x-axis.
Fig. 5 (b) depicts the normalized electric field intensity
concentrated at 300 um focal length. This focal point is

——F=980 um
1.0 y —F=670 ym
——F=300 um

Normalized Intensity (a.u.)

(b)
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shifted 50 um toward the negative and positive x-axis direc-
tion, as illustrated in Fig. 5 (a) and 5 (c), which agrees with
the theoretical design values. Fig. 5 (d) and 5 (e) show the
phase distribution, while Fig. 5 (f) and 5 (g) illustrate the
sequence arrangement of the Fermi energy along the met-
alens. Fig. 5 (d) demonstrates the variation of the reflected
phase along the metalens. The phase profile is asymmetri-
cal, representing a key characteristic when shifting the focus
laterally along the metalens. A gradual phase variation ap-
pears in the central and left regions, whereas sharp phase
modulations are present toward the right. This asymmetry
ensures the reflected beams are directed toward a focal point
with a shift of 50 um on the negative x-axis. Fig. 5 (f) shows
the varying Fermi energy, which is used to control the phase
response of the metalens. The central region illustrated
a stepped Fermi energy with multiple smaller variations,
while the higher Fermi energy values concentrated on the
right side of the metalens introduce a strong phase change,
contributing to a lateral focus shift. This distribution of a
phase shift and Fermi energies are reversed along the metal-
ens to focus the reflected beams at 300 um with a shift of
50 um on the positive x-axis of the metalens, as depicted in
Fig. 5 (e) and 5 (g).

The cross-section of the focal point along the x-axis is
demonstrated in Fig. 5 (h) and 5 (i), where the FWHM
is 8 um. The slight discrepancy in the FWHM value for
a focal point after shifting is attributed to the phase shift
produced by the Fermi level, which cannot cover the whole
360° [38].

3.3 Double focus

One interesting function of our reconfigurable metalens is
that it is designed to focus the reflected beam in double
focal points at different positions in the same focal plane.
This double-focus functionality can be achieved by impos-
ing different pre-calculated Fermi energy on the graphene
ribbons to achieve the phase shift profile required for double
focus. To generate multifocal (n™) metalens with different
positions in the same focal plane, the phase distribution can
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Figure 4. (a) FWHM along the metalens for three focal lengths. (b) Focusing efficiency and NA as a function of the focal length.
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along the metalens for focal point at positions [x = —50 um, z =300 um] and [x = 50 um, z =300 um]. (b) Normalized electric field intensity

distribution for focal point at positions [x =0 um, z =300 um].
be described as follows [39]:

¢ (x) = arg[ Y (Y] (6)

The normalized electric field intensity distribution at the
x-z plane in Fig. 6 (a) shows that the electric field intensity
is concentrated at double focal points with positions [x =
—360 um, z =50 um] and [x = 360 um, z = 350 um].
The simulation results agree with the theoretical design
values. Fig. 6 (b) illustrates the phase distribution along
the metalens. The sharp transitions in phase on the outer
edges and the symmetric central variations indicate that the
metalens is designed to focus the reflected beams at two
separate points within the same focal plane. The phase
gradient is split symmetrically, meaning the reflected beams
will converge at two distinct spatial locations in the same
focal plane. Fig. 6 (c) shows the sequence arrangement of
the Fermi energy along the metalens. The Fermi energy
distribution exhibits two distinct low-energy regions in the
middle, separated by a slightly higher energy zone, while the
edges remain at a consistently high Fermi energy. Higher
Fermi energy regions correlate with stronger phase shifts,
ensuring that the reflected beams are split and redirected to
two different focal positions.

The normalized intensity of the cross-section of double
focal points is demonstrated in Fig. 6 (d), where the FWHM
is 8.3 um for both focal points. The designed metalens with
double focal points exhibit 49.9% focusing efficiency with
NA value of 0.245.

4. Conclusion

In summary, we have introduced and numerically inves-
tigated a reconfigurable metasurface based on graphene
micro-ribbons to control the infrared wavefront for
beam-focusing functions. The graphene ribbons can
introduce 350° phase modulation by tuning the graphene’s
Fermi level. The simulation results demonstrated that the
designed metalens can dynamically tune the focus with
three focal lengths. The focusing efficiency and FWHM
increase with focal length while the NA value decreases.
In addition, the focal point can be dynamically shifted
along the metalens x-axis, and double focal points can be
performed at different positions in the same focal plane.
Depending on the capability of the metalens based on
graphene ribbons to perform tunable focusing, focusing
shift, and double focus, it provides superior solutions for
reconfigurable focusing in the imaging applications.
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