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ABSTRACT: In this article, we theoretically study the optical
properties of graphene metasurfaces consisting of layered graphene
ribbons and their potential applications as multifunctional optical
devices in the long-wavelength infrared region. By engineering the
plasmonic resonance in graphene ribbons with different widths, the
phase of reflected light can be tuned over a range of nearly 2π, while
the reflectivity is kept relatively high at the target frequencies. Owing
to the weak light−graphene interaction in the off-resonance region,
independent control of the reflected light can be achieved by stacking
multiple layers of graphene ribbons. Since the interlayer coupling
between the ribbons is negligible, we have developed a transmission-
line-based uncoupled model as a physical interpretation of the stacked metasurface. The modeled results show excellent
agreement with numerical simulations. As a proof-of-principle demonstration, we have designed and demonstrated graphene
metasurfaces as flat, dual-band focusing reflectors operating at 25 and 16 THz. Our work provides a general design scheme for
multiband, multifunctional metasurfaces with various potential applications, including beam steering, optical communication, and
information processing.
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Metamaterials are artificial materials composed of ration-
ally designed subwavelength structures with exotic

properties unavailable in nature.1−3 As the two-dimensional
equivalents of metamaterials, metasurfaces can enforce abrupt
changes on the phase, amplitude, or polarization of light, by
designing the geometry of the constituent subwavelength
building blocks and their spatial arrangement.4−7 On the basis
of the modulation of optical properties of metasurfaces, various
optical functionalities have been demonstrated, such as
focusing,8,9 gradient index diffraction grating,10 wave plates,11

beam deflection,12,13 and holograms.14 In most cases, the
spectral responses of such planar optical devices were achieved
by engineering either plasmonic resonances in metallic
structures or Mie resonances in high-index dielectric
structures.15−17

Graphene, as a two-dimensional material consisting of a
monolayer of carbon atoms,18 has attracted extensive interest in
the design of infrared plasmonic structures, metamaterials, and
metasurfaces due to its unique optical and electronic proper-
ties.19−22 The Fermi level and therefore the surface
conductivity of graphene can be easily tuned by chemical
doping or electrical gating,23 which is a prominent advantage
over the conventional metals. Due to the intrinsically weak
interaction between light and monolayer graphene, a variety of
novel metamaterials and plasmonic devices have been proposed
and demonstrated by using either patterned graphene24−33 or
hybrid graphene−metal composites34−39 to enhance the
interaction for spectrally tunable applications. However, despite
the strong field enhancement, the nature of the resonance also

renders the response of such devices usually narrow-band. In
order to achieve broadband or multiband performance for
metasurfaces, a common solution is to employ a planar
multiplexed design by combining different sets of resonators
operating at different target frequencies.40−42 Particularly for
graphene metasurfaces, apart from changing their geometries,
the Fermi level of each individual resonator can be tuned
separately to respond to different frequencies.43,44 Apparently, a
major drawback of this planar configuration is its low efficiency,
because each working frequency or functionality essentially
comes from the contribution of only a portion of the
metasurface area. Moreover, individually tuning the Fermi
level in the graphene metasurface is not a very practical
experimental approach, since the constituent resonators are
deep subwavelength in dimension, which is determined by the
highly confined surface plasmon at the graphene−dielectric
interface.45

In this article, taking advantage of the otherwise undesired
weak interaction between light and graphene at the off-
resonance condition, we propose a feasible and efficient
solution to implementing multiband metasurfaces based on a
stacked graphene configuration. As a proof-of-concept demon-
stration, dual-band focusing reflectors using stacked graphene
ribbon arrays are designed and numerically verified, with the
focusing points either along or away from the device symmetry
axis at two distinct working frequencies of 16 and 25 THz,
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respectively. To clarify the underlying physics of the stacked
structure, we apply a transmission-line-based uncoupled model,
in which the graphene ribbon is described by its effective
surface conductivity. The excellent agreement between the
modeling and simulation results provides a general design
guideline for multiband and multifunctional graphene meta-
surfaces.

■ RESULTS AND DISCUSSION
The structure of the proposed dual-band focusing reflector is
schematically shown in Figure 1a. It consists of an optically

thick gold layer at the bottom serving as a perfect reflector to
eliminate transmission. Four alternating layers of dielectric and
graphene ribbons are stacked sequentially on top of a gold
reflector. The two dielectric layers are assumed to be infrared
transparent materials (e.g., CaF2 and MgF2) with a refractive
index of 1.4. The dielectric spacer together with the back
reflector forms as an optical cavity to enhance the light−
graphene interaction. The reflected phase and amplitude
periodically vary with the spacer thickness.30 The two dielectric
layers are optimized to have the same thickness of 2 μm, which
ensures a phase modulation of almost 2π while maintaining
high reflectivity at the target wavelengths. The inset of Figure
1a shows the cross-sectional view of a unit cell of the
metasurface. The period of the bottom graphene ribbon array is
P1 = 0.25 μm, while the period of the top graphene ribbon array

is P2 = 1 μm. Therefore, the composite unit cell of the
metasurface contains one unit of top ribbons and four units of
bottom ribbons. By varying the width of the ribbons in either
the top or bottom layer independently, the phase of the
reflected light can be tuned separately at two distinct
frequencies.
In order to verify the dual-band phase tuning ability of the

proposed stacked graphene metasurface, the spectral response
of a single unit cell is first investigated, where the top ribbon
width and bottom ribbon width are fixed at 600 and 160 nm,
respectively. As shown in Figure 1b, two resonant dips are
observed at 15.8 and 25.4 THz accompanied with a phase
change of almost 2π around the resonant frequencies. To better
illustrate the origin of these two resonances, the normalized
magnitudes of the electric field distribution are plotted at the
two resonant frequencies. At 15.8 THz, the field mainly
concentrates around the top graphene ribbons with a larger
width, while the near field is barely enhanced around the
narrower ribbons at the bottom (Figure 1c). In contrast, at the
higher resonant frequency of 25.4 THz, the electric field is
strongly localized near the bottom graphene ribbons (Figure
1d).
Due to graphene’s two-dimensional nature with a monolayer

of carbon atoms, the interaction between light and graphene is
very weak, which is usually a drawback to be overcome in most
optoelectronic devices.45 Here, however, this feature is utilized
instead in designing the stacked graphene metasurfaces. At one
of the resonant frequencies, the corresponding graphene ribbon
layer is functioning, while for the other layer, the light−
graphene interaction is fairly weak, making it almost trans-
parent. Therefore, the two layers of graphene ribbons can be
adjusted independently in response to different target wave-
lengths without mutual interference with each other. This is
practically difficult by using stacked metallic structures.
To have a clear physical insight into the proposed stacked

graphene metasurface, we have established an uncoupled model
based on the transmission line theory. As shown in Figure 2a,
the metasurface can be decoupled into a system with three

Figure 1. (a) Schematic of the proposed dual-band focusing reflector.
The thicknesses of the two dielectric spacers (d1 and d2) are both 2
μm. The periods of the bottom graphene ribbons and top graphene
ribbons are P1 = 0.25 μm and P2 = 1 μm, respectively. (b) Spectral
response of a unit cell with a top ribbon width of 600 nm and bottom
ribbon width of 160 nm. The red and blue curves correspond to the
amplitude and phase of the reflected wave, respectively. The relative
magnitude of electric fields at two resonant frequencies of (c) 15.8
THz and (d) 25.4 THz, respectively.

Figure 2. (a) Proposed metasurface as an uncoupled system. (b)
Transmission line model for the proposed metasurface with graphene
ribbons described by lumped impedances.
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interfaces and three dielectric media. The gold reflector at the
bottom is treated as a perfect electric conductor (PEC), a good
approximation for metals at long-wavelength infrared frequen-
cies, while the two layers of graphene ribbons are described by
their effective surface conductivities (σ1

eff and σ2
eff). The two

dielectric spacers (n1 and n2) and free space (n3) are
characterized by their corresponding refractive indices. By
eliminating the interlayer coupling between the graphene layers,
the entire device can be modeled as an equivalent transmission
line with parallel lumped elements, as illustrated in Figure 2b.
The bottom PEC layer corresponds to a short circuit at one
end, while each dielectric layer is modeled by cascaded
transmission lines with specific characteristic impedances
determined by their refractive indices. The two-dimensional
graphene ribbons are represented as lumped impedances (Zg1
and Zg2) at the connecting points between different trans-
mission lines.
Since the effective surface conductivity (σeff) of graphene

ribbons is difficult to obtain directly, we retrieved it from the
numerically calculated transmission spectrum as46

σ = − +t n n2/ (1 / )eff
t i (1)

where t represents the transmission coefficient of light through
graphene ribbons that are sandwiched between two semi-
infinite dielectric layers. Light is incident from one dielectric
medium with refractive index ni, passes through graphene
ribbons, and transmits to a second medium with refractive
index nt sequentially. The transmission coefficient is dependent
on all the graphene ribbon properties such as the width,
chemical potential, and mobility, which are incorporated in the
numerical simulations. The lumped impedance is simply the
reciprocal of the effective surface conductivity of graphene
ribbons. The overall input impedance in the transmission line
model can thus be calculated level by level, as indicated in
Figure 2b. Starting from the short-circuit end, zero impedance
is transformed to Z1 along the bottom 2 μm long transmission
line, which is then in parallel with the bottom graphene
impedance Zg1 and becomes Z2. Next, Z2 is transformed along
the top transmission line, and the impedance Z3 is parallel to

the top graphene impedance Zg2, which becomes the input
impedance of the entire two-layer system (Zin). The overall
reflection coefficient (r) from the metasurface is given by

= − +r Z Z Z Z( )/( )in c3 in c3 (2)

where Zc3 = 377 Ω is the impedance of the free space in our
case.
With eq 2, the performance of the metasurface unit cell can

be systematically yet very efficiently investigated by varying its
geometric parameters. Figure 3 demonstrates the performance
of the unit cell at the working frequency of 16 THz, where the
top graphene ribbons with larger dimension play a dominant
role. As illustrated in the analytical results in Figure 3a and b
based on the transmission line model, the reflection coefficients
are almost independent of the width of the bottom graphene
ribbons at 16 THz, which is consistent with the simulation
prediction in Figure 1b. However, when changing the width of
the top graphene ribbons from 100 to 900 nm, the reflection
coefficients exhibit an evident resonance behavior, with a dip in
amplitude accompanied by a phase change of nearly 2π around
the ribbon width of 600 nm. The relatively high reflection
amplitude and the full 2π phase control are essential to the
complete and efficient manipulation of the reflected wave by
metasurfaces. Figure 3c and d plot the modeled reflection
coefficients for various widths of the top graphene ribbons with
a fixed bottom ribbon width of 150 nm (indicated by the white
dashed lines in the corresponding maps on the left). For
comparison, the full-wave simulation results are marked as red
circles in the same plots, which agree perfectly with the
calculation from the transmission line model. Such a perfect
agreement is evidence for the negligible interlayer coupling
among the graphene ribbons, in contrast to their metallic
counterpart, where a similar decoupled model produces more
discrepancy from the simulation.47 The interlayer coupling
between graphene ribbons mainly depends on the penetration
depth of graphene surface plasmons into the dielectric layer.
Owing to the intensely localized surface plasmon at the
graphene−dielectric interface with a strong confinement factor
more than 10 times larger than that of a metal, the coupling

Figure 3. Optical response of the proposed dual-band metasurface at the working frequency of 16 THz. Reflection amplitude (a) and phase (b) map
of the metasurface when changing the bottom ribbon width from 50 nm to 200 nm and the top ribbon width from 100 nm to 900 nm. Variation of
amplitude (c) and phase (d) when changing the top ribbon width from 100 nm to 900 nm while keeping the bottom ribbon width constant at 150
nm (indicated by the dashed lines in the left plots). The blue curve is obtained from the transmission line model, and the red hollow circles are
numerically simulated results by COMSOL Multiphysics.
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between the two layers of graphene ribbons can be neglected,45

and the functionalities of the two-layer graphene ribbons can be
tuned separately. In fact, according to our simulations, the shift
of spectra due to interlayer coupling becomes observable only
when the spacer thickness is below 200 nm, which is 10 times
smaller than the value in the current design.
The performance of the unit cell at 25 THz is depicted in

Figure 4, which depends almost only on the bottom graphene
ribbons. The distortion in the reflection maps (Figure 4a and b)
is caused by the high-order resonance induced in the top
graphene ribbon when its width is around 250 nm. Apart from
this narrow distortion, the overall optical response is similar to
that at 16 THz. By varying the widths of the bottom graphene
ribbons, the plasmonic resonance can be harnessed to achieve a
phase change of nearly 2π while maintaining a high reflectivity.
When the top ribbon width is fixed at 600 nm, the comparison
in reflection coefficients between modeled results and simulated
results also gives excellent consistency (Figure 4c and d).
As a proof-of-concept demonstration of the proposed stacked

graphene configuration, we have designed two metasurface
focusing reflectors working at 16 and 25 THz simultaneously.
The two-dimensional focusing reflector requires a hyperbolic
phase profile given by

φ π
λ

Δ = − Δ + −x x x f f( )
2

( ( ) )2 2
(3)

where f is the designed focal length, Δx is the horizontal offset
of the focal point from the center, and λ is the wavelength in
free space.
The parabolic reflector is a widely used optical component in

energy harvesting and imaging applications, which can focus
normally incident light along its symmetry axis at certain points.
We first design a dual-band, planar version of the parabolic
reflector working at both 25 and 16 THz. Following the
relationship in eq 3 with Δx = 0, the metasurface is designed
with a lateral dimension of 400 μm and the same focal length f
= 200 μm for both working frequencies. With the target phase
shifts determined by eq 3, the corresponding widths of the
ribbons at the top and bottom layers are obtained directly from

Figure 3 and Figure 4. The overall performance of the device
was evaluated by full-wave simulations using plane wave
illumination with an electric field amplitude of 1 V/m at
normal incidence. As shown in Figure 5, a strong focusing effect

is observed at the designed focal length for both 25 and 16
THz, where the incident light is subtracted in the field map for
clarity. Due to the shorter wavelength, the focal point is smaller
with higher intensity for 25 THz incidence than that for 16
THz. For potential experimental verification, the focusing effect
can be measured by either tilting the incident light by a small
angle from the normal direction48 or employing another optical
component such as a beam splitter to differentiate incident and
reflected light.49

Figure 4. Optical response of the proposed dual-band metasurface at the working frequency of 25 THz. Reflection amplitude (a) and phase (b) map
of the metasurface when changing the bottom ribbon width from 50 to 200 nm and the top ribbon width from 100 to 900 nm. Variation of
amplitude (c) and phase (d) when changing the bottom ribbon width from 50 nm to 200 nm while keeping the top ribbon width constant at 600 nm
(indicated by the dashed lines in the left plots). The blue curve is obtained from the transmission line model, and the red hollow circles are
numerically simulated results by COMSOL Multiphysics.

Figure 5. Simulated electric field distribution, which shows the
performance of the dual-band focusing reflector based on stacked
graphene metasurfaces under plane wave illumination at normal
incidence. Parabolic reflector at the working frequency of 25 THz (a)
and 16 THz (b). Off-axis focusing reflector at the working frequency
of 25 THz (c) and 16 THz (d). For clarity, only the reflected light is
plotted in all the figures.
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Besides the common parabolic reflector, the stacked
graphene configuration also allows us to individually design
the focusing properties for the target frequencies. To this end,
another focusing reflector is designed, which focuses the
normally incident light at two different off-axis positions at 25
and 16 THz. Such a device is useful in various applications,
including wavelength division multiplexing or frequency-
distinguishable infrared detection. In our case, with the offset
distance Δx = 100 μm for 25 THz and Δx = −100 μm for 16
THz, the calculated phase profile is imposed on the top
graphene ribbon and bottom graphene ribbons, respectively.
The full-wave simulation results are depicted in Figure 5c and
d, showing the separation of the focal points at the two target
frequencies, where the same focal length is achieved with the
corresponding designed offsets.
In conclusion, we have systematically studied the spectral

responses of stacked graphene ribbons and demonstrated a
practical and efficient implementation of dual-band focusing
reflectors based on this configuration. The highly confined
surface plasmon around graphene and thus very weak coupling
between different layers are fully utilized, with which different
dimensions of graphene ribbons can be independently designed
for the two distinct working frequencies of 25 and 16 THz,
respectively. Moreover, the dual-band functionality can be well
explained by a transmission-line-based uncoupled model, in
excellent agreement with numerical simulations. It should be
emphasized that the proposed stacked configuration provides a
general platform for multiband and multifunctional graphene
metasurfaces. More functions could be incorporated by stacking
more layers or even in combination with planar multiplexed
arrangements. The inherent tunable optical properties of
graphene by electrical or chemical doping can also be readily
exploited in the proposed design, such as individually tuning
the chemical potential of the ribbons for broadband response43

or simultaneously tuning the entire layer for on−off switch-
ing.30 The versatility of the stacked graphene metasurface
manifests a broad range of potential applications in tunable,
lightweight, and integrated optoelectronic systems.

■ METHODS

The commercial finite element package COMSOL Multi-
physics is used to calculate the electromagnetic response from
graphene ribbon arrays. The electromagnetic wave module is
used with a frequency domain solver. The simulations are
performed on a 2D structure, where the graphene ribbons are
assumed to be infinitely long. In the simulation, graphene was
characterized by its surface conductivity using the Kubo
formula,50 and the Fermi energy of graphene around 0.64 eV
and the mobility of 10 000 cm2/(V s) was assumed.51 The
bottom reflector is treated as a PEC, while the dielectric spacer
is modeled as a lossless dielectric with a refractive index of 1.4.
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