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Graphene has attracted the interest of researchers seeking to
develop compact optical modulators with the flexible tuna-
bility of graphene conductivity by tuning the Fermi level.
Plasmonic structures have provided a robust way to enhance
the modulation depth (MD) of graphene optical modula-
tors, but the available schemes suffer from low MD, fabri-
cation complexities, or both. Here, an ultra-thin plasmonic
metasurface structure capable of guiding slow surface plas-
mons (SPs) is proposed to construct graphene-based optical
modulators. The designs take advantage of the strong field
enhancement of slow SP modes as well as the orientation
match between the electric field and the graphene plane.
A typical 0.96-pm-long metasurface-based graphene modu-
lator presents a significantly improved MD of 4.66 dB/pm
and an acceptable insertion loss of 1.4 dB/pm, while still
having ease of fabrication. ~ © 2019 Optical Society of America
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High-speed, ultra-compact, and power-efficient optical modu-
lators are of great importance for on-chip optical interconnects.
Silicon optical modulators have been heavily studied over the
past few years, but the footprint is typically in millimeters due
to silicon’s weak electro-optical properties [1]. While promising
steps have been taken to integrate silicon modulators with high-
quality-factor optical resonators, the resultant optical modula-
tors suffer from intrinsic narrow bandwidth and stringent
optical design [2]. Graphene is distinctive and appealing for
its high electron mobility, wide operation bandwidth, and
electric tunability of conductivity by gating. Inspired by these
outstanding properties, graphene has attracted a great deal of
attention in developing active optoelectronic devices, including
photodetectors [3] and dedicated sensors [4].

The optical absorption of graphene can be tuned effectively
by changing the chemical potential of graphene, £ ’ Therefore,
graphene also has been widely explored to construct compact
high-performance optical modulators [5-16]. A graphene-
based broadband optical modulator on the SOI platform
was successfully realized by electrically tuning the Fermi level
of a monolayer graphene sheet [5]. Since this pioneering work,
much effort has been devoted to optimizing the design to
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enhance the modulation depth (MD). By adding two-layer gra-
phene on the silicon waveguide, a nearly doubled MD of
0.16 dB/pm can be obtained [6]. However, the enhancement
of the MD is limited due to the intrinsically weak electric field
at the interface between the designed dielectric waveguide and
graphene. To address this issue, it has been proposed to insert a
graphene layer into the dielectric waveguide, where the electric
field of waveguide mode is at maximum [17]. However, this
design faces significant fabrication challenges and has not yet
been demonstrated experimentally.

Surface plasmons (SPs) are evanescent waves bounded at a
metal/dielectric interface, with the parallel wavevectors being
larger than the free-space value [18—20]. SPs can squeeze a light
field into a deep subwavelength scale, which significantly enhan-
ces electric field intensity. Combining SP structures with gra-
phene points out a promising way to develop high-efficiency
graphene modulators with an ultra-compact footprint. Initially,
by utilizing corrugated and wedge SP structures, graphene-
based SP modulators were experimentally demonstrated with
aMD in 104 dB/pm [7]. The MD with the plasmonic struc-
ture is small and even lower than those with silicon waveguide-
based optical modulators. The cause of low modulation
efficiency originates from the orientation mismatch between
the SP field and graphene plane. It is therefore not surprising
that the researchers have turned to enhancing the interaction
by exploiting SP structures that are able to convert the orienta-
tion of a major component of the electric field of SPs to the
graphene plane [8-11,13—16]. While the MD is significantly
improved to 0.4—4 dB/pm with the assistance of various plas-
monic structures, the preparation of them, including groove-
structured metallic gratings [8], multilayer graphene [15],
hybrid plasmonic waveguides [11,13,14], and metal nanopar-
ticles coupled with silicon waveguides [10,16] would increase
fabrication cost and complexity in practice. Therefore, it is of
great value to exploit novel plasmonic structures that not only
can achieve high MD, but also can relax the fabrication difficulty.

In this Letter, we demonstrate that an ultra-thin plasmonic
metasurface structure is capable of guiding SPs with the
orientation of the major component of the electric field of
SPs being parallel to the graphene plane. Moreover, by properly
optimizing the geometries of the metasurfaces, the dispersion
relation of SP modes can be well engineered to reduce the
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group velocity of SP modes. The resultant graphene modulator
presents significantly improved MD due to the enhanced
interaction between the slow SP modes and graphene.

As shown in Fig. 1, the proposed metasurface-based gra-
phene modulator consists of a gold rod array on top of a single
sheet of graphene. The gold rod has length 4, width w, and
thickness #,, along the x, y and z directions, respectively,
and the lattice constant of the array along the x direction is
denoted as 4. It is known that the conventional SP mode
has its main electric field component oriented along the normal
direction to the metal surface. For a single column of gold an-
tennas along the x direction, both the air and the dielectric
layers underneath the antennas contribute to propagating SP
mode, with the electric field component being oriented along
the x, y, and z directions [21,22]. For the gold rod array, the
coupling of SP modes between the adjacent columns of gold
antennas significantly enhance the electric field (especially
for the Ey component), depending on the spacing, as denoted
as ¢ in Fig. 1. When a single sheet of graphene with the thick-
ness of 7, = 0.34 nm is placed underneath the metasurface, the
orientation direction of the SP field matches well with the gra-
phene plane. Hence, it is supposed to enhance the SP-graphene
interaction. A bias voltage assumedly applies between the
graphene layer and a 50-nm-thick, shallow-doped silicon layer
deposited on a silica substrate, spaced by an Al, O3 layer with a
thickness of 10 nm. Therefore, we can have the variable £ s for
graphene by dynamically tuning the bias voltage. The thickness
of the silicon layer is designed to have a larger electric field at
the Al,Oj /air interface [Fig. 2(a)], which is beneficial for in-
creasing the MD.

The dispersion curve of the SP mode by the proposed
metasurface structure can be obtained by the finite-difference
time-domain (FDTD) method with the commercial software
Lumerical FDTD Solutions. Here we fix 4 at 100 nm, w at
100 nm, #,, at 30 nm for the gold rod antennas, and 4 at
200 nm. Figure 2(b) shows that, as frequency increases, the
propagation constant increases sharply, and the dispersion
curve deviates significantly from the light line (black solid line),
suggesting the emergence of propagating slow SP modes. The
propagation constant of the SP mode can be tuned by either
changing the geometry of the gold rod antennas (discussed
later) or modulating the spacing along the y direction.
Reducing the spacing will render the cutoff frequency of slow
SP modes lower. Figures 2(c)-2(f) reveal that the effective
wavelength of the SP mode gradually reduces as g decreases,
suggesting a significant reduction of the group velocity of
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Fig. 1. Schematics of the graphene modulator based on metasurfa-
ces consisting of gold rod antennas. The cross-section of the modulator
in the y - z plane is shown in the right side. The SP mode can be
excited by using gratings that normally couple y-polarized light into
the dielectric waveguide connecting gratings and metasurfaces. The
whole device is assumed to be infinite along the y direction.
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the SP modes. Apparently, the £, component of the SP mode
is the dominating field component as £, is larger than £. In
addition, the field intensity of the SP mode is significantly en-
hanced as g is tuned to make the light frequency approach the
cutoff frequency of the SP mode, associated with a reduction of
group velocity. Besides, the modulation effect of graphene is
closely related to the magnitude of the in-plane electric field,
where the graphene plane is located. Figures 2(g) and 2(h) dem-
onstrate that the electric field is more concentrated at the
bottom of the metasurface. This indicates that it is better to
place graphene underneath the metasurface than on top of
the metasurface to maximize the SP-graphene interaction.
The design takes advantage of the strong field enhancement
of the slow SP mode as well as the orientation match between
the electric field of the slow SP mode and the graphene plane.
These two factors are expected to enhance the graphene-light
interaction, and significantly improve the MD.

When a single graphene layer is placed underneath the metal
rods, the SP modal profiles experience a gentle variation, but
their propagating loss can be significantly influenced by the
gate voltage applied on graphene, V,, associated with Ej.
The in-plane conductivity of graphene, o, versus Ey is calcu-
lated using the Kubo formula [23]. The in-plane permittivity of
graphene is expressed as € = 1 + io/wet,, with g, the per-
mittivity of air and @ the angular frequency of light. The in-
fluence of V, on E is related to the carrier density, 7, as

E;=hV (71';1)1/2 and 7 = gye,V, /etd, where (= h/2r)
is the reduced Planck constant, Ve (~10 m/s) is the Fermi
velocity, e is the charge of an electron, z,; (=10 nm) represents
the thickness of the Al,Oj layer, and ¢, (=9) is the RF dielectric
constant of Al,Oj. Figures 3(a) and 3(b) show the in-plane
conductivity and permittivity of graphene versus £y, where
the carrier mobility of graphene, y, is 3000 cm?/(V - s), asso-
ciated with the scattering rate of 3.7 meV and 2.2 meV at
E;=0.3 ¢V and 0.5 eV, respectively. The out-of-plane per-
mittivity of graphene is kept at 2.5.

As E is below the threshold (iw/2 = 0.4 eV, associated

with V,= 2.4 V), the electron interband transition occurs
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Fig. 2. (a) Distributions of Ey magnitude for the TE mode in the
silicon waveguide. (b) Dispersion curves of SP modes supported by
gold rod antennas for different geometric parameters. (c)—(f) The real
partof £, and £, field distributions at the bottom of gold rod antennas
at A=1550 nm for (c) a single column with % = 100 nm,
(d) w =100 nm, ¢ =60 nm, (¢) w = 100 nm, ¢ = 10 nm, and
(f) w =100 nm, g = 4 nm. (g)—(h) The real part of E, field distri-
butions at the bottom (g) and top (h) of the metasurfaces with w =
100 nm and ¢ = 10 nm. (d)—(h) show the zoomed view of electric
field distributions between two adjacent columns of gold nanorods.
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Fig. 3. (a) Real and imaginary parts of in-plane conductivity and in-
plane permittivity. (b) Real and imaginary parts of in-plane conduc-
tivity of graphene as a function of £ at 1550 nm. ¢ (=60.8 pS) is the
universal optical conductance.

associated with a large absorption loss. When V', exceeds 2.4 V,
graphene appears to be nearly transparent with an extremely
low loss since no electron is available for the interband
transition. When Ef =0.3eV (Vg =1.3V), and 0.5 eV
(V,=37V), the proposed structure in Fig. 1 suffers from
high and low attenuation, respectively, and the applied voltage
difference, AV, is 2.4 V. To quantitatively evaluate the per-
formance of the metasurface modulator, the figure of merit
(FOM) is defined as FOM = MDJ/IL (IL is the abbreviation
for insertion loss) [9]. The influence of the thickness with dif-
ferent dielectric materials (SiO,, hBN, and Al,O3) on the
modulator performances is shown in Figs. 4(a) and 4(b).
Using the same dielectric material, the MD decreases as the
thickness increases, while the FOM has an inverse tendency.
The utilization of the dielectric material with a higher refractive
index will result in higher MD and lower FOM due to higher
insertion loss. To get a low bias voltage, a 10-nm-thick layer of
Al,Oj5 is chosen as the spacer due to its largest £, among the
three materials. Then, how the length, 4, and the period, ,
affect the device performances is considered. With the defini-
tion of duty cycle (F) as a/d, the dependence of the modulator
performance on F is shown in Figs. 4(c) and 4(d), where 4 is set
at 100 nm and 200 nm. Both the attenuation and the MD
increase with F. Nevertheless, the FOM changes slightly when
F < 0.5 and decreases significantly when 7 > 0.5, due to the
fact that the growth rate of the MD is smaller than the growth
rate of IL as F exceeds 0.5. Hence, F is fixed at 0.5 to optimize
the modulator performances. As for the different period, 4, the
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Fig. 4. (a) Loss at 0.3 ¢V and 0.5 eV and (b) MD and FOM as a
function of ¢, with SiO,, hBN, and Al,O3. The refractive indices of
SiO,, hBN, and AL, O3 are 1.44, 1.98, and 1.75, respectively. The
spacing, g, is fixed at 10 nm, while the other geometrical parameters
are the same as those in Fig. 2. (c) Loss at 0.3 ¢V and 0.5 eV and
(d) MD and FOM as a function of duty cycle F. (e) Loss at
0.3 eV and 0.5 ¢V and (f) MD and FOM as a function of period
d. The other geometrical parameters in (c)—(f) are the same as those
in (a) and (b). The red and blue lines in (a), (c), and (e) represent
0.3 ¢V and 0.5 eV, respectively.
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Fig. 5. (a) Loss at 0.3 and 0.5 €V as a function of ¢,,. (b) MD and
FOM as a function of #,,. 2 and 4 are fixed at 40 nm and 80 nm,
respectively, while w and g are the same as those in Fig. 4. The dielec-
tric spacer is a 10-nm-thick Al,Oj3 layer.

attenuation and the MD are at their minimums at approxi-
mately 4 = 200 nm, but they increase as 4 approaches
60 nm and 300 nm [Figs. 4(¢) and 4(f)]. The FOM oscillates
within a wide range of 4, and the maximum value occurs at
approximately 4 = 120 nm. The FOM at 4 = 120 nm is
slightly larger than that at = 80 nm, while the MD at 4 =
80 nm is much larger than thatat 4 = 120 nm. Therefore, 4 is
fixed at 80 nm for the metasurface-based graphene modulator
design. Next, the influence of r,, on the performance is
considered. Figure 5 shows that the MD decreases as #,, in-
creases from 10 nm to 50 nm and the largest FOM is found
at approximately #,, = 30 nm. The FOM at ¢,, = 30 nm is
slightly larger than that at z,, = 25 nm, while the MD at
t,, =25 nm is much larger than that at 7, =30 nm.
Therefore, a thickness of #,, = 25 nm is chosen to optimize
the metasurface-based graphene modulator in the following.
As has been stated in Fig. 2, a highly confined and enhanced
slow SP mode can be obtained by reducing ¢ to increase the
coupling strength of SP modes. In addition, w can be increased
to enhance the electric field of the slow SP mode (not shown
here). However, these two methods for the electric field en-
hancement of the SP mode suffer from increased propagation
loss, which can be verified by the propagation loss versus g and
w, as shown in Figs. 6(a) and 6(b). The MD shares the same
tendency with the propagation loss, i.e., it is increased with the
reduction of ¢ and the increment of w [Fig. 6(c)]. It should be
noted that, there exists an azure region at the bottom of each
figure, representing the SP band gap, i.e., the SP mode is for-
bidden to travel with these geometrical parameters. For a fixed
w, the maximum MD appears as light frequency approaches
the edge of the SP bandgap, but the corresponding propagation
loss is maximized as well. A high MD of 7.17 dB/pm and a
FOM of 3.64 can be achieved at (g, w) = (3 nm, 70 nm).
However, the high-aspect-ratio gap between the adjacent nano-
rods will increase manufacturing difficulty. To compromise the
modulator performance and future experimental feasibility, the
geometric parameters (g, w) = (10 nm, 110 nm) can be chosen,
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Fig.6. (a) Lossat 0.3 eV and (b) loss at 0.5 eV for different w and g.
(c) MD and (d) FOM for different w and g. The solid lines labeled
with numbers represent the contour lines. 4, 4, and ¢, are fixed at

40 nm, 80 nm, and 25 nm, respectively, while the dielectric spacer
is a 10-nm-thick Al,Oj3 layer.



= 6 8 =10,
@g (©go Ch
F4 Sos & 6
Lo S04 L 4
- o 97
=% 70000 20000 F02 02 04 08 1300 1500 1700
u(cm#(V-s)) 9 Er (eV) Wavelength (nm)
() 3 (d)éo.s ::SEF () ;
53 | o.e/ﬂ § 2
2 S04
1 502 g‘
% 10000 20000 T 1300 1500 1700 1300 1500 1700
w(cm(V-s)) Wavelength (nm) Wavelength (nm)

Fig. 7. (a) MD and (b) FOM as a function of carrier mobility.
(c), (d) Transmission as a function of £ r © and wavelength (d).
(e) MD and (f) FOM as a function of wavelength.

which produces a large MD of 4.66 dB/pm, an acceptable in-
sertion loss of 1.4 dB/pm and a FOM of 3.34, respectively. The
MD and the FOM are reduced to 0.85 dB/pm and 0.62,
respectively, if graphene is placed above the metasurfaces.

Figures 7(a) and 7(b) reveal that the MD and the FOM
change gently as p varies from 1000 cm?/(V -s) to
20000 cm?/(V -s). The device performances versus light fre-
quency with a 0.96-pm-long metasurface graphene modulator
is then studied. The transmittance with respect to E, at
1550 nm is shown in Fig. 7(c). In addition, graphene’s high
carrier mobility and strong optical absorption are independent
of wavelength, suggesting the capability of working over a wide
spectral range. The transmittance as a function of wavelength
from 1300 nm to 1700 nm is depicted in Fig. 7(d). It is worth
noting that the proposed metasurface structure presents high
attenuation in the low wavelength region with £, = 0.5 eV.
To avoid this issue, the £/ is tuned to be 0.6 eV for the “ON”
state in the wavelength region from 1300 nm to 1400 nm.
The resultant metasurface modulator has a MD of more than
3 dB/pm from 1300 to 1700 nm [Fig. 7(e)].

Table 1 presents a list of the existing graphene modulators
with various nanostructures. Compared with the schemes in
Refs. [5-7], the subsequent graphene modulators overcome the
orientation mismatch between the major electric field and gra-
phene plane, resulting in a much larger MD [8,9,11,12,14-16].
Our proposed metasurface scheme further increases the MD by
exploiting the slow SP mode to enhance the electric field, while
maintaining an acceptable IL of 1.4 dB/pm. The FOM/AV, is
larger than most of the reported modulators due to the high
FOM (3.34) achieved and low AV, (2.4 V) used. It is also worth

Table 1. Performance Comparison

Length MD IL FOM/
Refs. (um) (dB/pm) (dB/pm) FOM AV, Result
5] 40 0.1 - - ~ Exp.
[6] 40 0.16 - - - Exp.
[7] 12 0.03 - - - Exp.
(8] 8 0.4 0.43 0.93 0.55 Sim.
[9] 3 1.2 1.6 0.75 0.3 Sim.
[11] 3.6 1.23 0.10 12.8 0.98 Sim.
[12] 40 0.62 - - ~ Exp.
[14] — 1.58 0.2 7.9 0.61 Sim.
[15] 10 1.76 0.21 8.46 2.56 Sim.
[16] 1.05 4 2.48 1.61 0.22 Sim.
ours 0.96 4.66 1.40 3.34 1.39 Sim.
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noting here that the fabrication of a one-layer ultra-thin plas-
monic metasurface typically requires one-step electron beam
lithography and the deposition of gold film, followed by a
lift-off process. The preparation difficulty can be lower than
these schemes with plasmonic waveguides [10,11,14-16] and
high-aspect-ratio metallic grooves [8].

In conclusion, an ultra-thin metasurface that enhances gra-
phene absorption by virtue of the strong field enhancement of
the slow SP mode and the orientation match between the elec-
tric field and the graphene plane is proposed. The resultant
metasurface graphene modulator exhibits a significantly higher
MD over a wide spectral range than previous optical modula-
tors, while undergoing ease of fabrication and acceptable inser-
tion loss. This design could inspire the construction of various
nanophotonic devices with metasurfaces, with simultaneous
SP field enhancement and SP field being oriented in-plane.
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