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An electrically tunable metasurface integrated with graphene for
mid-infrared light modulation®
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We propose a low-cost plasmonic metasurface integrated with single-layer graphene for dynamic modulation of mid-
infrared light. The plasmonic metasurface is composed of an array of split magnetic resonators (MRs) where a nano slit
is included. Extraordinary optical transmission (EOT) through the deep subwavelength slit is observed by excitation of
magnetic plasmons in the split MRs. Furthermore, the introduction of the slit provides strongly enhanced fields around the
graphene layer, leading to a large tuning effect on the EOT by changing the Fermi energy of the graphene. The proposed
metasurface can be utilized as an optical modulator with a broad modulation width (15 pwm) or an optical switch with a high
on/off ratio (> 100). Meanwhile, the overall thickness of the metasurface is 430 nm, which is tens of times smaller than the
operating wavelength. This work may have potential applications in mid-infrared optoelectrical devices and give insights

into reconfigurable flat optics and optoelectronics.
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1. Introduction

Metasurfaces, which are composed of artificially ar-
ranged plasmonic resonators, are the two-dimensional (2D)
counterpart of metamaterials with deep subwavelength
thicknesses.!'=3 The development of metasurfaces has opened
up possibilities to manipulate electromagnetic (EM) waves in
an unprecedented manner. For example, a series of phase-
gradient metasurfaces have been proposed to introduce abrupt
phase changes to the incident light at nanoscale, thus to mod-
ulate the propagation of light beyond the law of reflection

n.[*°1 Other potential applications of metasur-

and refractio
faces include optical vertex, [10-11] holograms,m‘lS] and non-
linear optics,!'%1°! to name just a few. Although consider-
able progress has been made, the application of metasurfaces
still faces a major challenge. That is the lack of dynamic
tunability once the metasurface is fabricated.?”! Various ap-
proaches have been developed to dynamically tune the opti-
cal response of plasmonic resonators, including thermal,?!->?!
mechanical,!>>?4 and optical’> mechanisms. However,
those methods are not favorable in terms of response time and
Si technology compatibility.

Graphene, the first member in the 2D material family,
has drawn tremendous attention over the last decade due to its
unique electronic and optical properties,?®>’! with promising

(28-33] Specifically, the

applications in a wide range of fields.
Dirac point in the graphene band structure enables a large field
effect, which thus can be exploited to tune the optical prop-

erty of graphene through a simple Si-technology-compatible
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gate voltage.*%! Furthermore, with a carrier mobility exceed-
ing 200000 cm?-V~!.s~! at room temperature in graphene,
electrical devices based on graphene are expected to operate
at extremely high speed.!?! Therefore, the large field effect,
the high operation speed, and Si technology compatibility to-
gether make graphene an ideal platform for tuning the reso-

n. [20

nance of plasmonic structures after fabricatio | Metasur-

faces based on graphene and plasmonic structures have been

d.[3*39 Several optical modulators formed

well demonstrate
by the combination of plasmonic structures and graphene have
been proposed.“**3] However, they are mostly based on the
modulation of the reflected light and the modulation depth is
relatively low. In practice, a modulator based on the modula-
tion of the transmitted light with deep modulation depth is also
desired.

In this paper, we propose a plasmonic metasurface in-
tegrated with graphene for dynamic modulation of the trans-
mitted light at the mid-infrared regime. The plasmonic meta-
surface is composed of an array of split magnetic resonators
(MRs), where a slit is introduced in the middle compared with
the traditional MRs. The introduction of the slit provides elec-
tric field “hot areas” to enhance the interaction strength be-
tween graphene and the plasmonic resonator array. To form an
optical modulator, extraordinary optical transmission (EOT) is
first induced by excitation of magnetic plasmons (MPs) in the
resonators, then the EOT phenomenon is tuned by changing
the Fermi energy of graphene. The proposed modulator pro-
vides a modulation depth over 10000% and an overall thick-
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ness of 430 nm, which is tens of times smaller than the operat-
ing wavelength. This work may have potential applications in
mid-infrared optoelectrical devices and give insights to recon-
figurable flat optics and optoelectronics.

2. Design and modeling of the plasmonic meta-
surface

Figure 1 depicts schematically the idea of designing
a metasurface for modulating the optical transmission us-
ing graphene. First, a nano-sandwich magnetic resonator
(Fig. 1(a)) is used as in perfect absorption applications due
to its ability of generating artificial permeability by exciting
magnetic plasmons. %% It works as follows. Zero reflec-
tion can be achieved when the impedance matching condition
(IMC) is fulfilled, where the impedance of the metasurface

(1/4/¢€) is equal to the impedance of the vacuum. Meanwhile,
(a) (b)

the transmission is cut off by the metal film. With zero re-
flection and zero transmission, perfect absorption is realized.
In this work, however, we come up with the so called split
magnetic resonator where a slit is introduced in the middle
of the nano-sandwich resonator, as shown in Fig. 1(b). The
slit comes with three main consequences. 1) The slit shall be
small enough with no damage to the excitation of magnetic
plasmons to maintain the IMC and cancel the reflection. 2)
The introduction of the slit opens up a transmission channel
for light to pass through. In other words, EOT is included
in the metasurface. 3) According to the material perturbation
theory (MPT), graphene should be placed in an area where the
electric field is greatly enhanced to maximize the modulation
effect.[*?) The slit provides such an area. Finally, as shown
in Fig. 1(c), graphene is introduced at the vicinity of the slit
to form the modulator. The changes of the Fermi energy of
graphene will lead to large modulation of the transmitted light.

(c)

graphene (9
e 1y e o

Fig. 1. (color online) Schematic illustration of the idea of designing a metasurface for modulating the optical transmission using

graphene. The details are given in the text.

The three-dimensional (3D) schematic of the proposed
structure is shown in Fig. 2. There are: a metal film with
slits, a dielectric spacer, and a metal grating from bottom to
top. The center of the grating is aligned to the center of the
slits. The dashed rectangle in Fig. 2 marks the split MR. The
geometric parameters are given as L = 1.8 um, P = 2.6 um,
gap =40 nm, t{ = 13 = 40 nm, and 1, = 350 nm.

graphene

Al
B SiO,

Fig. 2. (color online) Schematic of the proposed structure. The geo-
metric parameters are L = 1.8 pm, P =2.6 um, gap =40 nm, t; =13 =
40 nm, and t, = 350 nm.

We use the finite-difference time-domain (FDTD) method
to simulate the optical response of the proposed metasurface.
In the simulation, EM waves are incident along the z axis
with the electric field polarized along the x axis. The peri-

odic boundary condition is used in x and y directions and the

perfect matched layer (PML) boundary condition is used in
the z direction. All metals in the simulation are chosen to
be Al to reduce the cost, with its permittivity extracted from

experiment data.[>!]

The material of the dielectric spacer is
set to be SiO, with a refractive index of 1.4. Graphene is
modeled as an anisotropic ultrathin layer with a thickness of
0.33 nm. The in-plane permittivity of graphene is calculated
as g = &+ ic/gwA, where g = 2.5 is the background per-
mittivity, o is the surface conductivity, and A is the thick-
ness of the graphene. The out-of-plane permittivity is set to
be £, = & = 2.5. Here, o is calculated under random-phase
approximation (RPA) including contributions from both inter-

band and intraband transitions, which is expressed as

(o)

26%kg T i Eg
p— . l 2 h
ah? o+it! Og[ o8 <2kB )]

:;( (@/2)+ 2;’]0“’ (@/2) w,z(“’/z) w’>, (1)
0

where H(®)=sinh(h®/kgT)/[cosh(Er/kgT)+cosh(hw/kgT)],
T =300 K is the temperature, Er is the Fermi energy,

and T = UEF /evl% is the relaxation time, with the mobility
1 = 10000 cm?/V-s and the Fermi velocity vg = 10° m/s.

3. Results

The optical spectrum of the proposed metasurface is
shown in Fig. 3 when the graphene Fermi energy is 0.4 eV. As
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can be observed, a resonant phenomenon arises at ~ 15 pm.
At resonance, the reflection approaches zero, indicating the
introduction of a slit does not break the IMC as mentioned
above. The transmission, however, reaches a high value of
68% due to the introduction of the slit. Note that the size of
the slit is 40 nm, which is 1/375 of the resonant wavelength.
Therefore, the proposed metasurface has the ability of sustain-
ing a deep subwavelength EOT phenomenon. Increasing the
size of the slit can further improve the transmission and re-
duce the absorption. However, the near field around the slit
becomes weak if the slit is broadened, which is not favorable
for graphene to take effect. To achieve both a high transmis-
sion and a large tuning effect, we choose the optimized slit size
of 40 nm.

To understand the physical mechanism behind the reso-
nance, we calculate the field distributions and show them in
Fig. 4. The up panels are the electric fields while the down
panels are the magnetic fields. Figures 4(b) and 4(d) are en-
larged views around the slit and graphene, respectively. One
can see that the electric field is strongly enhanced and local-
ized in the slit. Furthermore, the electric field concentrates
around the graphene layer, which means that the observed res-
onance can be largely tuned by changing the Fermi energy
of graphene, as will be discussed below. We note that the
graphene layer out of the slit region has little effect on the
resonance, as the electric field outside the slit is rather weak.
The magnetic field is also largely enhanced. In contrast with
the electric field, the magnetic field is mainly distributed in
the dielectric spacer circled by oppositely flowing currents,
which indicates that MPs are excited in the sandwich split
MR. After analysis of the field distributions, the underlying
physics can be understood as follows. Incident EM waves
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excite MPs in the split MRs, which cancels the reflection by
fulfilling the impedance matching condition. The EM waves
then pass through the slits with the electric field strongly en-
hanced around graphene, providing an opportunity to dynam-
ically tune the transmission by changing the optical property
of graphene.

Figure 5(a) shows the transmission spectra of the pro-
posed optical modulator with respect to different graphene
Fermi energies. One can see that the transmission peaks are
largely tuned by graphene. The transmission peak blue-shifts
continuously with increasing Fermi energy and reaches a max-
imum at 0.4 eV. Specifically, the resonate peak locates at
27.5 um when a low Fermi energy of 0.1 eV is applied. When
a high Fermi energy of 0.9 eV is applied, the resonant peak
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Fig. 3. (color online) Reflection, transmission, absorption spectra of the
proposed metasurface.
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Fig. 4. (color online) (a) Electric field and (c) magnetic field distributions at resonance. Panels (b) and (d) are the enlarged views
around the slit and graphene in panels (a) and (c), respectively. Black rectangles mark the areas where metal exists. The white arrows

in panel (c) indicate schematically the current flow in the metals.
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blue-shifts effectively to 10.5 pum, indicating a broad mod-
ulation width of 17 um. Another key parameter to evalu-
ate the performance of a modulator is the modulation depth.
There are two common definitions of this parameter in earlier
works: the absolute modulation depth (AMD) and the rela-
tive modulation depth (RMD). The absolute modulation depth
at wavelength A is defined as AMD* = T (EF) — Tf},ﬁn (Ep),
while the relative modulation depth is defined as RMD* =
[Tl\’}IaX(Ep) - Tf},ﬁn (Ep)} /T (Er), where Ef is the Fermi en-
ergy, Ty, (Er) and T\ (Er) are the maximum and the mini-
mum of the transmission at wavelength A as a function of Eg.
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Fig. 5. (color online) (a) Modulation of mid-infrared light by changing
the Fermi energy of graphene. The black and white dashed lines are the
transmission maximum and minimum as a function of EF, respectively.
(b) The absolute modulation depth and relative modulation depth of the
proposed modulator.

To examine the performance of the optical modulator pro-
posed here, the transmission maximum and minimum at differ-
ent Er must be computed. The transmission minimum is easy
to find, as the white dashed line shows in Fig. 5(a). The trans-
mission maximum, however, is more complicated to define,
because only finite numbers of simulations can be performed.
To define the transmission maximum, we draw the envelope

of the transmission peaks in Fig. 5(a), and use the envelope
as the maximum line, as the black dashed line shows. The
computed AMD and RMD are then shown in Fig. 5(b). The
AMD first increases with longer wavelengths, reaches a peak
at ~ 15 um, and then decreases after the peak. The max AMD
of the proposed optical modulator is 63%, which is one of
the best results among graphene-based plasmonic mid-infrared
modulators. The RMD, however, mainly exhibits an increas-
ing tendency with longer wavelengths. This is because the
transmission minimum approaches zero at long wavelengths.
The RMD exceeds 10000% at 30 pm, indicating that the mod-
ulator can also be used as an optical switch. In addition to the
high on/off ratio, one can expect the proposed optical switch
to operate at a fast speed up to 500 GHz,3" considering the
ultrahigh carrier mobility in graphene.

4. Discussion

In the above design of the plasmonic metasurface, the
center of the metal grating bar and the center of the slit are
supposed to be aligned, which is undesirable from an experi-
mental point of view. In the next, we show that this alignment
is not necessary. The case where the center of the grating bar
and the center of the slit have an offset of A is schematically
shown in Fig. 6(a). Two specific cases with A being 100 nm
and 200 nm are considered. We note that experiment errors
above 100 nm are easy to control within modern fabrication
technology.

The corresponding transmission spectra are shown in
Fig. 6(c). One can see that an offset as large as 200 nm hardly
causes damage to the modulation effect. However, the overall
transmission does drop a little and all the transmission peaks
red-shift to longer wavelength with a larger offset. The negli-
gible transmission drop with a relatively large structure change
is due to the characteristic of the magnetic plasmon resonance.
Magnetic plasmons can still be excited in the split MRs with
an offset introduced. The red-shift behavior of the transmis-
sion peaks can be understood using an effective circuit model,
which is shown in Fig. 6(b). In the circuit model, the metals
behave like electrical inductance while the dielectric spacer
and the slit gap behave like electrical capacitance. Graphene
can be regarded as an additional impedance Zg. For simplic-
ity and not losing generality, Zg is assumed to be zero in the
analysis. The split MR then is modeled as an LC circuit with
resonant wavelength A o< V/LC, where L is the total inductance
and C is the total capacitance. From the effective circuit, L and
C can be calculated as L = L;+2Ly and C = (1/Cy+1/Cp) ",
where 1/Cyy = 1/C1+1/C,. An offset does not affect the over-
lap area of the capacitor, therefore the sum of C; and C; is a
constant. Obviously, it is when C; equals to C, the total C has
a minimum. Thus, the metasurface has a shorter resonance
wavelength when the split MR is aligned.
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Fig. 6. (color online) (a) Schematic illustration of the split MR when an offset A is included. (b) The effective circuit of the structure.
(c) Transmission spectra of two cases of A = 100 nm and A = 200 nm.

The possibility of fabrication is illustrated in Fig. 7. An
Al film is first deposited on a Si substrate. Then the gaps
are etched by focused ion beam (FIB). Next, a single layer
of graphene is transferred, following the SiO, deposition pro-
cess. Finally, the upmost grating is fabricated using electron
beam lithography (EBL).

\1, Al deposition

l, FIB etching TSiOg deposition

graphene
transfer

—

Fig. 7. (color online) Schematic illustration of the fabrication process.

5. Conclusion

In summary, we have integrated single-layer graphene
with a plasmonic metasurface to achieve dynamic modula-
tion for mid-infrared light. The proposed metasurface consists
of an array of split MRs. Magnetic plasmons are excited in
the split MR and take responsibility for the high transmission
through the deep subwavelength slit. Strongly enhanced fields

are formed in the slit and around the graphene, which ensures
a large tuning effect of graphene. The proposed modulator has
a modulation width of 15 um and a modulation depth of over
10000%. Experimental error within 200 nm does not affect
the modulation effect.
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