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A B S T R A C T

In this paper, we propose and theoretically investigate a tunable stacked graphene metasurface, which can
independently manipulate electromagnetic field at different terahertz frequency. By tuning the Fermi levels
of graphene ribbons, the designed two-layers graphene ribbons can realize a required phase shift of ∼2𝜋 for
manipulating the terahertz wavefronts owing to the excitation of plasmon resonances at each layer of graphene
ribbons. A reflective double-frequencies focusing metalens has been designed working at 3.5 THz and 7.0 THz.
For the designed lens with focal lengths of 300 μm, the focus depth of 3.5 THz and 7.0 THz electromagnetic wave
(full width at half maximum along the Z direction) is 174. 7 μm and84 μm, respectively. In addition, the resolution
of focal points (full width at half maximum along the X direction) are close to the half-wavelength in the focusing
plane, which are 48. 2 μm and 21.5 μm respectively, demonstrating that the proposed metalens have superior
performance. Furthermore, the focal length and offset distance of focal point of the lens can be tuned actively
by changing gate voltages. The present graphene metasurface paves the way to engineering various potential
applications for tunable, multiband, multifunctional metasurfaces.

1. Introduction

Metasurfaces are a new class of quasi 2D metamaterials that provide
fascinating capabilities for manipulating light in an ultrathin scale.
Compared to bulk metamaterial, metasurface has lower loss and is easier
to fabricate. By tailoring the morphology, plasmonic and dielectric
metasurface can support surface plasmon and Mie resonances, respec-
tively, providing a unique opportunity to artificially control phase,
amplitude and polarization of light [1–4]. Therefore, metasurfaces are
promising for novel device applications, such as anomalous refraction
[1,5], surface plasmon [6–8], ultrathin flat lens [9–11], polarization
beam splitters [12,13] and cross polarization converters [14,15].

However, once the metasurfaces are designed, their working fre-
quencies are fixed in a narrow range, especially for metasurface based
on resonances with high quality. This feature of metasurface hinders
its practical application in broadband response and tunability. To over-
come this drawback, great efforts have been made to achieve tunable
metasurfaces. One direct way to realize the active control is to construct
metasurface by using materials with tunable optical response [16,17].
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Therefore, the optical response of the metasurface can also be actively
controlled by external stimulus such as electric, chemical doping or
temperature.

Graphene is a monolayer of hexagonally arrange carbon atoms and
has been demonstrated to support the surface plasmon polaritons at tera-
hertz frequency ranges with lower loss compared to noble metal [18,19].
In addition, its Fermi level can be electrically and chemically tuned,
thereby determining its optical response [20–22]. These advantages of
graphene make it a good candidate for constructing the novel tunable
metasurface. On the other hand, graphene is almost transparent when
there is no resonance taken place in it. This provides the possibility of
realizing multifunctional and multiband devices by using graphene. The
usual solution is to utilize a planar multiplexing design that implements
multifunction and multiband devices by combining different sets of
resonators at different target frequencies. Particularly, for graphene
metasurfaces, in addition to changing its geometry, the Fermi level of
each individual resonator can be individually adjusted to interact light
with different frequencies. Recently, Liu et al. designed a metasurface

https://doi.org/10.1016/j.optcom.2018.07.084
Received 12 June 2018; Received in revised form 19 July 2018; Accepted 31 July 2018
Available online 2 August 2018
0030-4018/© 2018 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.optcom.2018.07.084
http://www.elsevier.com/locate/optcom
http://www.elsevier.com/locate/optcom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optcom.2018.07.084&domain=pdf
mailto:lbluo@hfut.edu.cn
mailto:guozhongyi@hfut.edu.cn
https://doi.org/10.1016/j.optcom.2018.07.084


Z. Yin et al. Optics Communications 429 (2018) 41–45

that can effectively focus terahertz waves from 1.2 to 1.9 THz to the
same focal point by changing the Fermi level of each graphene resonator
separately [23]. Ma et al. have realized 2𝜋 phase modulation by tuning
the width of graphene ribbons and designed a dual-band focusing
reflector operating at 25 THz and 16 THz [24]. Nevertheless, these
designs are working for one frequency or accomplished by adjusting
the width of each graphene ribbon and cannot be flexibly regulated. It
is impossible to flexibly adjust the operating frequency and focal length
in practical applications for multifunctional devices.

In this paper, we design a flexibly tunable metasurface by using
stacked graphene that composed of two layer of graphene ribbons.
Different from traditional devices, the designed device can cover a
nearly 2𝜋 phase region by adjusting the gate voltage to change the
Fermi level of each layer of graphene ribbons. On the other hand,
the interaction between two layers of graphene will be diminished
since their working frequencies are far enough. As a result, we achieve
a dynamically controlled dual-band stacked graphene metasurface by
tuning the gate voltages. Here, a reflective focusing lenses is designed
to work at frequencies of 3.5 THz and 7 THz. It is demonstrated that
the position of focus can be arbitrarily adjusted with the focusing points
either along or away from the device symmetry axis. Our results show
that the designed stacked graphene metasurface has great potential for
multifunctional and multiband devices in the terahertz and infrared
regions.

2. Structure and result discussion

Fig. 1 schematically shows the proposed stacked graphene metasur-
face in. An Ag layer acts as a rear reflector, and four alternating layers
of dielectric and graphene ribbons are stacked sequentially on top of the
Ag reflector. The different Fermi levels can be achieved by tuning the
gate voltages. The cross-sectional view of a unit cell of the designed
structure is shown in Fig. 1(b). The period and width of graphene
ribbons is P = 5 μm and w = 2.9 μm, respectively. The thicknesses of two
dielectric layers are set as 𝑑2 = 8 μm, 𝑑1 = 13.8 μm, and their refractive
index is n = 1.45. The Ag layer is set as optical thick 𝑑3 = 2 μm at
the bottom serving as the perfect reflector to eliminate transmission.
Since graphene ribbons and the Ag layer act as the reflecting mirror
on both sides, Fabry–Perot resonance occurs in the dielectric spacer
layer, which can increase the interactions between the graphene and
the incident light. By separately considering each layer of the graphene
ribbon, the incident wave will be strongly coupled with one of them and
weakly interacted with the other one. Therefore, two graphene layers
can control incident light independently by tuning Fermi levels of each
layer of graphene ribbons. In experiments, the Ag film can be deposited
on the substrate by electron beam evaporation system, which can be
used as the electrodes [25,26]. Then, the dielectric layer (SiO2) can
be deposited on the Ag film by using plasma enhanced chemical vapor
deposition (PECVD), which take advantage to the reaction between the
SiH4 and N2O in the state of plasma. The single-layer graphene can
be transferred to the dielectric layer, and graphene nanoribbon can
be patterned by using electron-beam lithography, which can be used
as electrode to apply the gate voltage as shown in Fig. 1(b) [25,26].
Lastly, by repeating the progress, the stacked graphene metasurface can
be achieved.

As we all knows, optical response of graphene is characterized by
the surface conductivity 𝜎(𝜔), consisting of intraband electron–photon
scattering and the interband transition contribution. It can be referred
following the Kubo formula [27–29]:

𝜎𝑔 = −
𝑖𝑒2(𝜔 + i𝜏−1)
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where 𝑓𝑑 = 1∕(1 + exp
[

(𝜀 − 𝜇𝑐 )∕𝑘𝐵𝑇
]

) is the Fermi–Dirac distribution,
𝑘B is the Boltzmann constant, 𝜀 is the energy, 𝜇𝑐 is the chemical

potential, 𝑒 is the electron charge, ℏ is the reduced Planck’s constant,
and 𝜏 stands for the momentum relaxation time due to charge carrier
scattering. At room temperature, the chemical potential (Fermi level) is
very close to Fermi energy [30]. In the following, we will replace the
chemical potential 𝜇𝑐 with the Fermi level 𝐸𝑓 . In the terahertz region,
the intraband contribution is dominant in the heavily-doped graphene
because 𝐸𝑓 ≫ ℏ𝜔 ≫ 𝑘𝐵𝑇 , so that 𝜎 (𝜔) can be further simplified
[31,32]:

𝜎𝑔 (𝜔) = 𝑖𝑒2𝐸𝑓∕
[

𝜋ℏ2 (𝜔 + 𝑖∕𝜏)
]

, (2)

In general, the relation between momentum relaxation time 𝜏, the
carrier mobility 𝜇, the Fermi level 𝐸f , and the Fermi velocity 𝑣𝑓 can
be expressed as 𝜏 = 𝜇𝐸𝑓∕𝑒𝑣2𝑓 , which indicates that increase of carrier
mobility in graphene will reduce the loss and improve the device
efficiency effectively. Here, the Fermi velocity 𝑣𝑓 is set as 106 m∕s, and
the carrier mobility 𝜇 is set as 40 000 cm2/Vs, which can be achieved in
experiment [33]. The Fermi levels in graphene can be expressed as 𝐸𝑓 =
ℏ𝑣𝑓 (𝜋𝑛𝑠)1∕2. The doping level of graphene 𝑛𝑠 shows a linear dependence
on the external gate voltage described as 𝑛𝑠 = 𝜀𝑝𝜀0𝑉𝑏∕(𝑒ℎ) [34]. The 𝜀𝑝
and 𝑉𝑏 are the relativity permittivity of the dielectric layer and external
voltage, respectively. Thus, the gate voltage can effectively change the
Fermi levels and surface conductivity of the graphene. By treating the
graphene monolayer as an ultra-thin metal film, the permittivity [35]
of graphene can be modeled as follow:

𝜀𝑔 = 1 +
𝑖𝜎𝑔
𝜀0𝜔𝑡

(3)

where 𝜀0 is the vacuum permittivity, t is set as 0.35 nm that is the
graphene thickness [36]. As a result, the optical responses of graphene
can be flexibly tuned by changing Fermi level of graphene ribbons.

In our study, the graphene ribbon is regarded as an electric dipole
that can introduce realize effective modulations of amplitude and
phase of the reflected wave. Combining with Fabry–Perot resonance
in the dielectric interlayer, the phase-shift of the reflective waves can
cover nearly 2𝜋 range. The wave vector of surface plasmons along the
graphene metasurface satisfies the expression of 𝜅𝑠𝑝𝑝 = ℏ𝜔𝑟∕2𝑐𝛼0𝐸𝑓
[37], where 𝜔r is the resonant angular frequency, 𝛼0 = 𝑒2∕ℏ𝑐 is the fine
structure constant [38]. After transformation, the resonant frequency 𝑓r
can be expressed as [39]:

𝑓𝑟 =
√

𝛼0𝐸𝑓∕2𝜋2ℏ𝑐𝐿𝑠 ∝
√

𝐸𝑓∕𝐿𝑠 (4)

where the resonant length 𝐿s associated with the structural parameters.
According to the expression, the resonant frequency of 𝑓r is proportional
to

√

𝐸𝑓 . Based on this model, the working frequency and Fermi level
can be chosen properly. To understand the physical mechanism of the
stacked graphene metasurface, a homemade software based on finite
element method is used to simulate the phase shift and reflectance of
the metasurface.

Usually, the interaction between light and graphene is very weak
because graphene has only one carbon atomic thickness. It is a common
disadvantage for most optoelectronic devices. But in our proposed
devices, the stacked graphene takes full advantage of this feature to
achieve multi-band devices. At a specific resonant frequencies, the
corresponding graphene ribbon works as a predefined function, and
for the other graphene layer, its interaction with light is quite weak,
which make graphene be almost transparent. Therefore, we can separate
the optical response of two layers of graphene ribbons at different
frequencies of incident light and there is not interfering with each other
in response to different target frequencies, which is actually difficult by
using the stacked metal structure. However, the resonant frequencies of
both layers of graphene ribbons can be independently tuned by Fermi
levels ranging in 0–1 eV. Therefore, we should choose the appropriate
resonant frequencies to separate the Fermi levels of the corresponding
resonances to reduce the interaction between two layers of graphene
ribbon. According to Eq. (4), we choose the working frequency of the
metasurfaces as 3.5 THz and 7.0 THz.
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Fig. 1. (a) Schematic of the stacked graphene plasmonic metasurface structure. (b) The cross-sectional view of the stacked graphene plasmonic metasurface. P is the
grating period, and w denotes the widths of graphene ribbons. 𝑑1, 𝑑2 and 𝑑3 are the thickness of dielectric layer and Ag layer, respectively.

Fig. 2. Reflectance and phase shift as the functions of Fermi levels at the frequencies of (a) 3.5 THz and (b) 7.0 THz. Intensity distributions of electric field at the
frequencies of 3.5 THz (c) with the same Fermi level of 0.26 eV, and at 3.5 THz (d) and (e) 7.0 THz with different Fermi levels of. 0.26 eV and 0.73 eV, respectively.

Fig. 2(a) and (b) shows the dependence of reflective response of the
proposed structure on Fermi level at 3.5 THz and 7.0 THz, respectively.
It is clear that the resonant characteristics appear at 0.26 eV and 0.73
eV, presenting dramatic change of the reflection amplitude and phase.
In addition, the relation of reflectance, phase and frequency with Fermi
level in Fig. 2(a) and (b) agrees well with Eq. (4). Meanwhile, the
proposed device can nearly realize a 2𝜋 phase shift at both frequencies.
Note that, the intrinsic loss of graphene limits the phase shift range.
Based on the results in Fig. 2(a) and (b), the appropriate Fermi levels of
graphene ribbons can be chosen easily. To better illustrate the origin
of these two resonances, the normalized intensity distributions are
simulated at two resonant frequencies and shown in Fig. 2(c). When
the Fermi levels of two layers graphene are set as the same as 0.26 eV,
the interaction between light and graphene will take place at both
graphene layers. It is an intrinsic disadvantage for manipulating the
incident waves. Therefore, we should separately tune the Fermi levels of
graphene ribbons to individually implement responses of the graphene
layer. To this end, we set the Fermi level of top and bottom graphene
ribbon as 0.73 eV and 0.26 eV, respectively. Under normal incidence at
3.5 THz, there is a significant field enhancement at the bottom graphene
ribbons, while the near field is barely enhanced the top graphene
ribbons, as shown in Fig. 2(d). In contrast, under normal incidence at
7.0 THz, the electric field is significant enhanced near the top graphene
ribbons, while is not clearly enhanced at the bottom graphene ribbons,
as shown in Fig. 2(e). It is further demonstrated that the interaction
between the two resonances is very small. Therefore, we can choose 3.5
THz and 7.0 THz as the working frequencies.

To demonstrate the validity of the proposed devices, we have
designed tunable dual-band terahertz metalens working at 3.5 THz and 7
THz simultaneously. Under normal conditions, the traditional parabolic
reflectors can converge incident plane wave at arbitrary points in free
space according to the phase distribution along the reflector surface.
For planar graphene metalens, the graphene metasurface can modulate
the needed phase of the reflected light by the concrete Fermi level’s
modulation, so that the reflected light can also be focus in a point.

The parabolic phase profile along the metasurface is given by the
expression:

𝜑(𝑥) = 2𝜋
𝜆0

(√

𝐹 2 + (𝑥 − 𝛥𝑥)2 − 𝐹
)

(5)

where 𝜆0 is the incident wavelength, F is the focal length and x is the
position of graphene ribbons, 𝛥x is the horizontal offset of the focal point
from the center. According to Fig. 2(a) and (b), we can determine the
Fermi levels of graphene ribbons along metasurface to match the phase
profiles. For the phase modulations locating in the blank range of phase
modulations, we just employ graphene ribbons with the approximate
Fermi level in the real designing processes. To evaluate the focusing
ability, numerical aperture (NA) is also calculated by:

𝑁𝐴 = sin
[

tan−1 (𝐷∕2𝐹 )
]

(6)

where D is the width of graphene metasurface. In our work, D = 940 μm,
the focal length of the bottom and top graphene metasurface is set as
F = 300 μm and 100 μm, the NA can be calculated as 0.84 and 0.98,
respectively.
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Fig. 3. Intensity distributions of reflective focusing waves from the same metasurface designed under the normal incidences at (a) 3.5 THz, (b) 7.0 THz. The intensity
distributions along the (c) X direction and (d) Z direction at different frequencies.

Fig. 4. Intensity distributions of lens based on graphene metasurface with the different focusing lengths at the working frequency of (a) 3.5 THz and (b) 7.0 THz.
Off-axis focusing grapheme metasurface at the working frequency of (c) 3.5 THz incidence with 𝛥x = −100 μm and (d) 7.0 THz incidence with 𝛥x = 100 μm.

Based on the above results, we design a dual-band terahertz metalens
based on stacked graphene metasurfaces, working at both 3.5 THz and
7 THz. The focal length of both operating frequencies is f = 300 μm
with 𝛥x = 0. The corresponding Fermi levels of graphene ribbons at the
top and bottom layers are obtained directly according to the results in
Fig. 2(a) and (b). The simulation result of the designed focusing lens
at 3.5 THz and 7.0 THz is shown in Fig. 3(a) and (b), respectively.

When TM polarized plane waves are normally incident to the graphene
metasurface, the energy will be tightly focused at 320 μm for both 3.5
THz and 7.0 THz. Considering the finite thickness of metasurface, the
simulation result is in a good agreement with the theoretical values.
Fig. 3(c) and (d) show the intensity of the focusing spots at frequencies
of both 3.5 THz and 7.0 THz along x- and z-direction, respectively.
The focusing resolution of the designed metasurface (full width at half
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maximum along x-direction) are 48.2 μm and 21.5 μm at frequency of
3.5 THz and 7.0 THz, respectively. The resolutions are close to half of the
corresponding incident wavelengths, demonstrating a high performance
of the designed metasurface. As shown in Fig. 3(d), the depths of focus
(full width at half maximum along z-direction) are 174.7 μm and 84 μm
for the focusing lenses with the working frequencies of 3.5 THz and
7.0 THz, respectively. Overall, the above results demonstrate that our
designed graphene metasurface has superior performances.

To further demonstrate its applicability, we design a metasurface
to focus light with different frequencies at different position. Thus,
the stacked graphene composing the designed metasurface needs to be
dynamically tuned. Based on the results above, we designed a stacked
graphene metasurface to focus incident plane wave with frequency of
3.5 THz and 7.0 THz at focal length of 100 μm and 300 μm, respectively.
Fig. 4(a) and (b) shows the intensity distribution of reflective focusing
at frequency of 3.5 THz and 7.0 THz, respectively. When the phase
distribution of the bottom graphene ribbons is changed by applying
different gate voltages, the focal length of graphene metasurface can
be adjusted to 100 μm and 300 μm when the incident light is 3.5 THz
and 7.0 THz, respectively.

In addition to the common parabolic reflectors, the graphene meta-
surface can not only change the focal length, but also achieve a lateral
shift of focus. As shown in Fig. 4(c) and (d), the stacked graphene
metasurfaces have same focal length but different offset distances (𝛥x =
−100 μm for 3.5 THz incidence and 𝛥x = 100 μm same focal length at two
different working frequencies can also be achieved with specific offsets.
These results demonstrate that our designed graphene metasurface has
superior performances in the tunability.

3. Conclusions

In summary, we have systematically studied the control of phase
and amplitude of the terahertz waves by designing tunable stacked
graphene metasurface, where different Fermi levels of graphene ribbons
can be independently designed at two distinct working frequencies
of 3.5 and 7.0 THz. Based on this configuration, a practical function
of tunable dual-band terahertz metalens is designed and numerically
demonstrated. In addition, the resolution of focusing spots (full width
at half maximum along the x-direction) of the designed lens are close
to the half of incident wavelengths. In addition, the focal length and
offset distance of focal point of the designed metalens can be tuned by
changing gate voltages on the graphene ribbons. The designed stacked
graphene metasurface has great potentials for tunable, multifunctional,
multiband devices and integrated optoelectronic regions.
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