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We investigate the electrically controlled light propagation in the metal-dielectric-metal plasmonic waveguide
with a sandwiched graphene monolayer. The theoretical and simulation results show that the propagation loss
exhibits an obvious peak when the permittivity of graphene approaches an epsilon-near-zero point when adjust-
ing the gate voltage on graphene. The analog of electromagnetically induced transparency (EIT) can be generated
by introducing side-coupled stubs into the waveguide. Based on the EIT-like effect, the hybrid plasmonic wave-
guide with a length of only 1.5 pm can work as a modulator with an extinction ratio of ~15.8 dB, which is 2.3
times larger than the case without the stubs. The active modulation of surface plasmon polariton propagation can
be further improved by tuning the carrier mobility of graphene. The graphene-supported plasmonic waveguide

system could find applications for the nanoscale manipulation of light and chip-integrated modulation.
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1. INTRODUCTION

The miniaturization and integration of optical and optoelec-
tronic devices have been part of the development of the infor-
mation technology to process the explosively growing data.
However, it is particularly difficult for traditional optical devi-
ces to realize the ultrasmall size and ultrahigh integration owing
to the classical diffraction limit of light. Surface plasmon polar-
itons (SPPs) are electromagnetic waves coupled to free electron
oscillations traveling along the metal—dielectric interface, which
are considered one of the most cutting-edge and promising
technologies for the realization of highly integrated optical cir-
cuits because of their capacity to manipulate light at nanoscale
and overcome the diffraction limit of light [1-3]. Until now, a
large number of SPP-based functional components have been
investigated numerically and experimentally for the generation,
propagation, manipulation, and detection of light signals
[2-12]. Among them, metal—dielectric-metal (MDM) wave-
guides have very strong light confinement with the acceptable
lengths for SPP propagation [4,7,12—14]. The excellent proper-
ties of the MDM waveguide facilitate the chip-integrated
optical devices with relatively easy fabrication using existing
state-of-the-art tools [13,14]. On the basis of the MDM wave-
guides, various nanoplasmonic devices were proposed, such as
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nanolasers [15], Bragg filters [16,17], wavelength demulti-
plexers [18], splitters [19], switchers [20], dipolar emitters
[21], and detectors [4]. These MDM waveguide devices will
contribute to the realization of chip-integrated optical circuits
[3]. The active control of SPP propagation in the MDM wave-
guides is of great importance for exploring active nanoscale
optical devices, especially modulators [7].

Graphene, a two-dimensional (2D) material with a single
layer of carbon atoms arranged in a honeycomb lattice, has
attracted wide attention due to its exceptional optoelectronic
properties [22—-34]. The unique properties of this 2D material
contain the ultrahigh carrier mobility [>1 x 10° cm?/(V -s)],
extremely wide operating frequency range, versatile tunability
by controlling the gate voltage or chemical doping, and com-
patibility with other photonic elements [23,24]. These pro-
perties make graphene a potential answer for the realization
of high-performance photonic and optoelectronic devices.
Recently, tremendous graphene photonic devices have been
proposed, such as chip-integrated detectors [16], slow-light
components [25,29], filters [30], polarizers [26], and nanospas-
ers [27]. By exerting the gate voltage on graphene to control the
dissipative loss, especially, the active control of light can be sim-
ply achieved in the silicon and photonic crystal waveguides
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[23,28]. The dynamic tunability of graphene absorption offers
a promising pathway toward the electro-optic modulation
(EOM) for optical signal processing [28]. Light modulation
at a visible range in optical cavities with electrical doping gra-
phene was proposed by Yu et al. [35]. The graphene-based
active modulation of light was proposed numerically in metal
plasmonic waveguide systems [36,37].

Here, we present a method for the active control of the SPP
propagation by electrically tuning the graphene monolayer
sandwiched in the MDM waveguide. The theoretical calcula-
tions show that the propagation attenuation of SPP mode in the
MDM waveguide possesses a sharp peak when the permittivity
of graphene reaches the epsilon-near-zero (ENZ) point by ad-
justing the bias voltage on graphene. The results are in excellent
agreement with the numerical simulations. The dynamic tun-
ability of graphene contributes to the active modulation of SPP
propagation in MDM waveguides. Particularly, the extinction
ratio (ER) of EOM can approach ~15.8 dB in the waveguide
with a length of only 1.5 pm, which originates from the gen-
eration of the plasmonic analog of electromagnetically induced
transparency (EIT). The ER can be further improved by in-
creasing the carrier mobility of graphene. The high-ER modu-
lation of strongly confined SPP propagation in the ultrasmall
system provides a new avenue toward the realization of the
manipulation and modulation of light at nanoscale.

2. MODEL AND THEORY

As shown in Fig. 1(a), the plasmonic waveguide system consists
of a graphene monolayer sandwiched in an MDM waveguide.
An external gate voltage V, is exerted on the graphene. The
distance between the graphene and metal film below (above)
the dielectric layer is d,(d3), as depicted in the inset of
Fig. 1(a). The thickness and length of graphene layer are 4,
and Z, respectively. The dielectric layer is assumed as silica with
the relative permittivity £, = 2.25. The metal is selected as sil-
ver, whose relative permittivity in the near-infrared region can
be described by the well-known Drude model: ¢,,(w) = e, -
a)lz, [lo(w + iy)] [38]. Here, &4, stands for the dielectric con-
stant at the infinite frequency. y and @, represent the
Drude damping and bulk plasma frequencies, respectively. @
is the angular frequency of incident light in vacuum. These
physical parameters for silver in the frequency of interest
can be set as £, = 3.7, @, =9.1 ¢V, and y = 0.018 ¢V
[38]. The optical property of the graphene monolayer in
metal-based plasmonic systems can be characterized by the
complex-valued surface conductivity, which is quantitatively
described by the Kubo formula [36,37]. The surface conduc-
tivity of graphene can be written as 6, = Gy, + Gipeer [39]-
Here, 6, corresponding to the intraband transition contribu-
tion can be given by
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mra = F—5——————44——+21 - 1 ¢,
O = 2w + i) {kBTJr " {6’4’( /eBT> * ”
(1)
where ¢ stands for the electron charge, 3 is Boltzmann’s con-
stant, 7 is the temperature, 7 is the reduced Planck’s constant,

o is the photon frequency in vacuum, and p, is the chemical
potential of graphene. When hw > k3T and |u| > kpT,
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Fig. 1. (a) Schematic diagram of the graphene-supported MDM
plasmonic waveguide. An external gate voltage V, is exerted on the
graphene. The inset shows the section-cross profile of the waveguide
with graphene. Here, d; (d3) represents the distance between the gra-
phene and metal film below (above) the dielectric layer (silica,
e, = 2.25). d and L are the thickness and length of graphene, respec-
tively. (b) Real and imaginary parts of the relative permittivity &, of
graphene with the different bias voltages |V/,| at the wavelength of
1.49 pm in the waveguide with ¢; = 45 nm and 45 = 5 nm.

Cineer corresponding to the interband transition contribution
can be expressed as

& 2lp| - (@ + iz ")
- i
2lpe| + (@ + iz ™)

inter — 4nh
where 7 represents the momentum relaxation time due to the
charge carrier scattering, which is dependent on the carrier
mobility p and can be described as 7= pup,/ (ev}). The
Fermi velocity v is 10° m/s [39]. The previous report showed
that the carrier mobility y of graphene on SiO, substrate could
reach 4 x 104 cm?/(V - s) at room temperature [40]. Here, a
moderate carrier mobility [ = 1 x 104 cm?/(V - s)] is set to
ensure the credibility of results [41]. The chemical potential
can be described as 1, = hvgzn, [42]. The doping level of gra-
phene depends on the gate voltage and can be expressed as
n, = ey€0|Vyl|/(ed3). V=V, =V, is the bias voltage
of graphene for the modification of p,. V. is the voltage
offset of graphene caused by the natural doping, and V/, is
the applied voltage on graphene. The numerical results can
be obtained by using the finite-element method (FEM).
In the numerical simulations, the graphene monolayer is ra-
tionally assumed as a thin layer with the practical thickness
d, = 0.34 nm, whose relative permittivity can be described
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as €, = 1 + i,/ weyd,. The isotropic model for graphene has
been effectively employed to investigate plasmonic responses in
graphene-involved structures [36,37,39,42—49]. The relative
permittivity of graphene is determined by the surface conduc-
tivity 6,, which can be tuned by the bias voltage of graphene, as
shown in Fig. 1(b).

When the TM-polarized light is coupled into the MDM wave-
guide, the SPP wave can be excited at the metal/dielectric interfaces
and propagate along the waveguide [19]. The inset of Fig. 1(a)
shows the metal-silica—graphene—silica—metal waveguide structure.
Derived from Maxwell’s equations, the electric and magnetic fields
in the waveguide can be written as E = (£, £,, 0) exp[i(fx -
wt)] and H = (uyc)™' (0,0, H,) expli(fx - wt)], respectively
[50]. Here,  stands for the propagation constant of light in
the waveguide, pj is the free-space permeability, and ¢ is the speed
of light in the vacuum. According to the continuity of tangential
fields for E and H at the interfaces between the metal, silica, and
graphene layers, the characteristic equations of light propagation in
the waveguide can be described as follows

(1+X04) + (Xo1 +X19) Y1+ Koo +X20) Yo+ (X3 +X34) Y3
+ X+ X0 Xo) Y1 Yo+ (X 3+ X0 X30) YV V5
+ X3+ X2 X3) Yo V3 + (X1 X3 + X 12X34) V1 YV, V3 =0,
)

_ erko(ng - €,)

Xln -
€n/€o(”§ﬁr - 8/)

(Ln=0,1,2,34), (4

Y, = anh[dky(ie -2)]  ((=1,23).  (5)

We assume &) = &4 = ¢,,, €] = €3 = €4, and &, = g, as
shown in the inset of Fig. 1(a). £y = 27/4 is the wave number
of incident light in the vacuum. A is the wavelength of incident
light. n.g = f/ kg is the effective refractive index (ERI) of guided
mode. The dispersion characteristics of plasmonic modes in the
MDM waveguide can be obtained by solving the equations.
From the equations, we can see that the dispersion characteristics
are dependent on the surface conductivity of graphene, which
can be controlled by the bias voltage V.

3. RESULTS AND ANALYSIS

We theoretically calculate the ERI with different bias voltages,
as shown in Fig. 2. The real part of ERI exhibits a drastic
change when | V| approaches 7.76 V at the telecommunica-
tion wavelength (e.g., A = 1.49 pum) in the MDM waveguide
with 4, = 45 nm and 45 = 5 nm. Especially, the imaginary
part of ERI exists as a sharp peak when |V,| =7.76 V. As
depicted in Fig. 1(b), the permittivity of graphene reaches
the ENZ point when |V,| = 7.76 V. The ENZ effect in gra-
phene was proposed to realize the electro-optic modulators
with comparable modulation depth in the metal and slot hybrid
waveguides [36,45—49]. The similar active modulation was
achieved in graphene-loaded metal plasmonic antennas [37].
The anisotropic model for graphene may affect or weaken
the modulation effects [51,52]. However, the isotropic model
is efficient for modulation in plasmonic waveguides [49]. The
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Fig. 2. (a) Real and (b) imaginary parts of ERI () of the plas-
monic mode at A = 1.49 pm as a function of the bias voltage of gra-
phene in the MDM plasmonic waveguide with &; = 45 nm and
d3 =5 nm. The curves and circles denote the theoretical and simu-
lation results obtained by the equations and FEM, respectively.

attenuation coefficient of a plasmonic wave can be described as
a = 4rx *Im(n.g)/A and possesses a relatively low value of
0.49 pm~' when |V,| = 6 V. It will reach the maximum value
of 2.42 pm™! when |V,| = 7.76 V. To verify the theoretical
results, we employ the FEM to simulate the dispersion curves of
plasmonic mode. As shown in Fig. 2, the numerical simulations
are in excellent agreement with the theoretical calculations.
Through the simulations, we plot the profiles of electric and
magnetic fields in the metal-silica—graphene—silica—metal
waveguide when |V,| = 6 and 7.76 V, as shown in Fig. 3.
It is found that the intensity of the electric field in the graphene
sheet is lower than that in the diclectric layer when
|V4| = 6 V. However, the electric field will mainly concen-
trate in the graphene monolayer when |V,| approaches
7.76 V. It is worth noting that the power absorbed in the gra-
phene layer is proportional to £ ¢ Im(e,)/|e,|, which will be
significantly enhanced when ¢, is close to the ENZ point.
This is the reason why the SPP attenuation dramatically in-
creases when |V,] is adjusted from 6 to 7.76 V. As depicted
in Figs. 3(b) and 3(d), the profiles of the magnetic fields with
different gate voltages on graphene are nearly unchanged,
which reveals that the plasmonic modes are still supported
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Fig. 3. (a)—(d) Normalized electric field and magnetic field profiles
in the MDM waveguide at A = 1.49 pm when |V,| = 6and 7.76 V.
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Fig.4. Transmission spectra in the graphene-supported MDM plas-
monic waveguide [shown in Fig. 1(a)] when [V};| =6 and 7.76 V.
The inset shows the transmission as a function of the bias voltage
in the waveguide with 4, = 45 nm, d3 = 5 nm, and L = 670 nm.

in the waveguide even if the permittivity of graphene is dras-
tically altered. The dependence of the SPP attenuation on the
bias of graphene is beneficial to the electrically controlled
modulation of light propagation in the MDM waveguide.
Figure 4 shows the transmission spectra in the graphene-
supported MDM waveguide with a length of 1.5 pm when
V4| = 6 and 7.76 V. Here, the length of a graphene sheet
is set as L = 670 nm. It is found that the transmission spec-
trum of the plasmonic wave in the waveguide possesses a sharp
dip (with a spectral width of 6 nm) at the wavelength of
1.49 pm when |V,| =7.76V, resulting in the ER of
6.8 dB for the modulation of SPP propagation.
Subsequently, we introduce double side-coupled stubs with
the distance L into the MDM waveguide, as shown in Fig. 5(a).
The depth and width of the stub 1 (stub 2) are denoted by /,
and w; (/; and w,), respectively. The geometrical parameters
are set as d; =45 nm, d3 =5 nm, /; = 130 nm, w; =
50 nm, /, = 190 nm, w, = 50 nm, and L = 670 nm. The
simulation results in Fig. 5(b) show that a transparency peak
appears at 4 = 1.49 pm in the center of a broad transmission
dip when |V;| = 6 V. The transmission spectra in the MDM
waveguide with only stub 1 and stub 2, respectively, exhibit the
obvious dips at A = 1.3 and 1.75 pm, which contribute to the
broad transmission dip. The stubs-induced transparency in the
waveguide is regarded as a plasmonic analog of EIT in quantum
systems [53]. The generation of the transparency peak can be
attributed to the constructive interference of transmission
waves passing through the double stubs, giving rise to a
Fabry—Perot resonance [54]. Thus, the high EIT-like peak
can work as the “on” state for optical modulation, which will
rapidly decrease with the increase of the bias voltage. As shown
in Fig. 5(c), a transmission dip occurs at 4 = 1.49 pm in the
EIT-like transparency window when |V;| approaches 7.76 V,
which can be treated as the “off” state of the modulation. The
inset of Fig. 5(c) illustrates that the maximal ER of the on/off
states can approach ~15.8 dB at 4 = 1.49 pm, which is excel-
lent for chip-scale modulators with a length of only 1.5 pm.
The ER of SPP propagation in the MDM waveguide with
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Fig.5. (a) Schematic diagram of the graphene-supported MDM plas-
monic waveguide with the double side-coupled stubs. The inset shows
the cross-section diagram of the plasmonic waveguide. /; and w; (/; and
w,) stand for the height and width of the stub 1 (stub 2), respectively.
(b) Transmission spectra in the graphene-supported MDM plasmonic
waveguide with the stub 1, stub 2, and double stubs when |V ;| = 6 V.
(¢) Transmission spectra in the waveguide with the double stubs when
|V,| = 7.76 V. The inset shows the ER of the modulation at different
wavelengths. Here, 4, =45 nm, 43 =5nm, [} =130 nm,
w; = 50 nm, /, = 190 nm, w, = 50 nm, and Z = 670 nm.

the stubs is about 2.3 times larger than the case without the
stubs. To clarify the light modulation in the waveguide, we plot
the electric and magnetic fields at 4 = 1.49 pm when |V,| =
6 and 7.76 V. In Figs. 6(a) and 6(b), we can see that the plas-
monic Fabry—Perot resonance is established in the waveguide
between the stubs when | V| = 6 V, which verifies the above
analysis of EIT-like effect. Due to the low electric field and
weak absorption in graphene, the incident light can effectively
pass through the MDM waveguide. When |V,| = 7.76 V, the
high intensity of electric field in graphene and the drastic

EV/ \E]aJ (b) ed \Hlo\

90 nm, 6V

Fig. 6. (a)—(d) Normalized electric field and magnetic field distri-
butions at A = 1.49 pm in the MDM plasmonic waveguide when
|V, =6 and 7.76 V.
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Fig. 7. ER of the EOM as a function of the carrier mobility p of
graphene in the MDM plasmonic waveguide without and with the
double side-coupled stubs.

increase of SPP attenuation in the waveguide will weaken the
Fabry—Perot resonance and prohibit the SPP propagation
through the waveguide, as shown in Figs. 6(c) and 6(d).

Finally, we investigate the dependence of SPP modulation on
the carrier mobility y of graphene. The transmission spectral dips
in the MDM waveguides drop gradually with the increase of .
As shown in Fig. 7, the ER increases with p, revealing that the
higher quality of graphene will further improve the ER of the
modulation. For instance, the ER can reach ~23 dB when y =
2 x 10 cm?/(V - 5) in the waveguide with the stubs. By adjust-
ing the loss rates in resonator—graphene systems, the critical cou-
pling can be used to realize the total light absorption in graphene
[55]. The SPP propagation loss in the metallic waveguide is de-
pendent on y. When y approaches 4 x 104 cm?/(V - 5), the ER
can be further improved and exceed 33 dB. The high-
performance EOM in the nanoscale waveguide is favorable
for chip-integrated signal processing. We believe our results will
provide new pathways for the realization of modulators based on
other ENZ materials in metallic waveguides [56].

4. CONCLUSIONS

We have proposed graphene-supported MDM waveguides for
the electrical control of high confined SPP propagation. The
theoretical and simulation results illustrate that the propagation
attenuation of the plasmonic mode in the waveguide is strongly
dependent on the voltage applied on graphene, and possesses
a maximum at the ENZ point of graphene permittivity. The
voltage-controlled plasmonic attenuation contributes to the ac-
tive modulation of SPP propagation at nanoscale. Especially, by
properly etching double side-coupled stubs in the metallic
waveguide, the ER of the plasmonic modulation can approach
~15.8 dB by means of the generation of a plasmonic EIT-like
effect, which is 2.3 times larger than the case without side-
coupled stubs. The ER can be further improved by increasing
the carrier mobility of graphene. The proposed graphene-
supported plasmonic waveguide will facilitate the highly
integrated optical devices for signal processing, especially
graphene modulators.
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