Graphene-based terahertz tunable plasmonic directional coupler
Meng-Dong He, Kai-Jun Wang, Lei Wang, Jian-Bo Li, Jian-Qiang Liu, Zhen-Rong Huang, Lingling Wang, Lin
Wang, Wei-Da Hu, and Xiaoshuang Chen
Citation: Applied Physics Letters 105, 081903 (2014); doi: 10.1063/1.4894090
View online: http://dx.doi.org/10.1063/1.4894090
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/8?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Dynamically tunable broadband mid-infrared cross polarization converter based on graphene metamaterial
Appl. Phys. Lett. 103, 223102 (2013); 10.1063/1.4833757
Compact and broadband directional coupling and demultiplexing in dielectric-loaded surface plasmon polariton
waveguides based on the multimode interference effect
Appl. Phys. Lett. 103, 061108 (2013); 10.1063/1.4817860
Terahertz plasmonics in ferroelectric-gated graphene
Appl. Phys. Lett. 102, 201118 (2013); 10.1063/1.4807762
Tunable graphene-based polarizer
J. Appl. Phys. 112, 084320 (2012); 10.1063/1.4759319
Unique prospects for graphene-based terahertz modulators
Appl. Phys. Lett. 99, 113104 (2011); 10.1063/1.3636435

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
119.78.232.233 On: Wed, 27 Aug 2014 00:41:08

APPLIED PHYSICS LETTERS 105, 081903 (2014)

Graphene-based terahertz tunable plasmonic directional coupler
Meng-Dong He,1,a) Kai-Jun Wang,1 Lei Wang,1 Jian-Bo Li,1 Jian-Qiang Liu,2
Zhen-Rong Huang,3 Lingling Wang,3 Lin Wang,4 Wei-Da Hu,4 and Xiaoshuang Chen4

1
Institute of Mathematics and Physics, Central South University of Forestry and Technology,
Changsha 410004, People’s Republic of China
2
College of Science, Jiujiang University, Jiujiang 332005, People’s Republic of China
3
Key Laboratory for Micro-Nano Optoelectronic Devices of Ministry of Education, Hunan University,
Changsha 410082, People’s Republic of China
4
National Laboratory for Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy
of Science, Shanghai 200083, People’s Republic of China

(Received 12 May 2014; accepted 15 August 2014; published online 26 August 2014)
We propose and numerically analyze a terahertz tunable plasmonic directional coupler which is
composed of a thin metal film with a nanoscale slit, dielectric grating, a graphene sheet, and a
dielectric substrate. The slit is employed to generate surface plasmon polaritons (SPPs), and the
metal-dielectric grating-graphene-dielectric constructs a Bragg reflector, whose bandgap can be
tuned over a wide frequency range by a small change in the Fermi energy level of graphene. As a
graphene-based Bragg reflector is formed on one side of the slit, the structure enables SPP waves to
be unidirectionally excited on the other side of the slit due to SPP interference, and the SPP waves
in the Bragg reflector can be efficiently switched on and off by tuning the graphene’s Fermi energy
level. By introducing two optimized graphene-based Bragg reflectors into opposite sides of the slit,
SPP waves can be guided to different Bragg reflectors at different Fermi energy levels, thus achievC 2014 AIP Publishing LLC.
ing a tunable bidirectional coupler. V
[http://dx.doi.org/10.1063/1.4894090]
In the past decade, manipulating and controlling the
intensity and propagation direction of surface plasmon
polaritons (SPPs) in plasmonic structures has been a
research hotspot in the fields of plasmonics, metal optics,
and optical metamaterials,1–3 since it is vital and essential to
the realization of many nanoscale optical devices including
waveguides, couplers, splitters, modulators, switches, etc.
Taking SPP waves excited by a metallic nanoslit as an
example. Several control schemes have been proposed that
make SPP waves propagate along a desired direction. One
scheme is to employ the ability for confining SPPs of grating structures. By placing two optimized grating structures
on opposite sides of the slit, the SPP waves at different frequencies can be guided in the two predetermined directions.4–6 Another scheme is based on SPP interference. By
modulating the relative phase difference between two SPP
waves, the electromagnetic field intensity along one direction on the metal surface can be enhanced (or suppressed)
due to the constructive (or destructive) interference of SPPs,
thus the propagation direction of SPP wave is under control.7–10 In addition, SPP directional propagation can also be
achieved in a partial dielectric filled slit structure by SPP
wavevector matching.11
Even though the above schemes effectively manipulate
the propagation direction of SPP waves in a metallic slit
structure, the SPP waves cannot be actively controlled. The
ability to actively control SPP waves in a metallic slit will
enable dynamic tuning of SPP waves and will potentially
expand the range of their applications even further. In addition, the above studies of SPPs mainly focus on the visible
a)

Author to whom correspondence should be addressed. Electronic mail:
hemendong@sohu.com

0003-6951/2014/105(8)/081903/5/$30.00

and infrared frequency range due to the poor confinement of
SPPs at low frequencies, such as terahertz (THz) frequency.
Actually SPPs at THz frequency have a broad range of
potential applications.12,13 In recent years, graphene, a single layer of carbon atoms arranged in a honeycomb lattice,
has been demonstrated to support well-confined SPPs at
THz frequency since the imaginary part of its complex conductivity is positive.14–16 Graphene plasmons provide a suitable alternative to noble metal plasmons due to their tighter
confinement and longer lifetime.17,18 More importantly, graphene plasmons can be dynamically tuned by electrochemical potential via chemical or electrostatic gating, magnetic
field, or optical excitation.19,20 Just because of the unique
property, graphene enables active control or dynamic tuning
of SPP modes in many plasmonic structures.21–26 Inspired
by the finding, we think that it is possible that the SPP
modes generated by a metallic slit are effectively turned on
and off or directionally coupled by using the tunability of
graphene. In this paper, we propose a plasmonic structure,
in which dielectric gratings are sandwiched between a single
nanoscale metallic slit and a graphene sheet on top of a
dielectric substrate. The structure not only can highly confine and guide THz SPP modes in the dielectric gratings, but
also has the ability to tune SPP wave propagation direction,
which can be used to build a tunable plasmonic coupler and
can, therefore, open an avenue for active photonic integrated
circuits.
Fig. 1 depicts the schematic of our proposed structure,
where two SiO2 gratings are sandwiched between a silver
(Ag) film with a nanoscale slit and a graphene sheet on
the top of SiO2/pþSi substrate. A plane wave of TM polarization (the magnetic field is perpendicular to the x– z plane)
impinges normally on the top of the structure. The geometry
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FIG. 1. Schematic of our proposed structure, which is composed of a thin silver (Ag) film with a nanoscale slit, two SiO2 gratings, a graphene sheet and SiO2/
pþSi substrate. w0 is the width of metallic slit; tA, tS1, tS2, and tSi denote the thicknesses of Ag film, SiO2 gratings, SiO2 dielectric layer, and pþSi substrate, respectively. Pr(l), war(al), and wsr(sl) are the period, the widths of air and SiO2 layers of the right (left) dielectric grating, respectively, and dr(l) stands for the separation
between the slit and the first air-trench of the right (left) grating (defined centre to centre).

is defined by following parameters. w0 denotes the width
of metallic slit, tA(S1,S2,Si) is the thickness of Ag film (SiO2
gratings, SiO2 dielectric layer, pþSi substrate), Pr(l), war(al),
and wsr(sl) represent the period, the widths of air and SiO2
layers of the right (left) dielectric grating, respectively, and
dr(l) stands for the separation between the slit and the first
air-trench of the right (left) grating (defined centre to centre).
The graphene sheet may be modeled as an anisotropic dielectric constant expressed by a diagonal tensor.27 Its surfacenormal component is set as ezz ¼ 2.5 based on the dielectric
constant of graphite, and its in-plane component is expressed
by exx(yy) ¼ 2.5 þ irg/(e0xt), where rg and t (0.5 nm) are the
frequency dependence of surface conductivity and the thickness of graphene sheet, respectively. At THz frequencies, rg
can be described by a Drude-like expression
h2 Þ=ðx þ is1 ),27,28 where Ef and s represent
rg ¼ iðe2 Ef =p
the Fermi energy level and the carrier relaxation time of
graphene, respectively. Ef and s are given by hvf ðpnÞ1=2 and
lEf =ev2f , respectively,27 where n, vf (106 m/s), and l
(10 000 cm2/Vs (Ref. 29)) stand for the carrier concentration,
Fermi velocity, and carrier mobility of graphene, respectively. The permittivities of SiO2 and pþSi are taken to be
3.9 and 11.9, respectively, and the metal silver is modeled as
a perfect electric conductor for the THz frequency range of
interest. To allow for doping through electrostatic gating,
pþSi is employed as a back-gate. By applying a voltage
between the graphene sheet and the back-gated pþSi, the carrier concentration and thus the Fermi energy level of graphene can be electrically tuned,23,24,30 which will be used to
control graphene plasmon wave subsequently. In this paper,
the numerical calculations for field distribution and transmission spectrum are performed by using Lumerical FDTD solutions based on the finite-difference time-domain method.
First, we analyze the dispersion characteristics of a insulator-graphene-insulator-metal (IGIM) waveguide. For a SPP
mode with propagation constant b in a IGIM waveguide, its
dispersion equation is expressed by31


irg c1
c1 e2
tanhðc2 tÞ;
¼ 1þ
(1)
c2 e1
xe1
where t denotes the thickness of the inner insulator
between graphene sheet and metal film, e1 and e2 are the

permittivities of the outer and inner insulators, respecqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tively, c1 ¼ b2  e1 k02 =e0 and c2 ¼ b2  e2 k02 =e0 represent the attenuation constants in the outer and inner
insulators, respectively, and k0 is the wavenumber in free
space. b is obtained by solving the above transcendental
equation, and then the effective index of SPP mode is
given by neff ¼ b/k0. In this paper, SiO2 is used as the outer
insulator, and its thickness is set as 400 nm. Since the
thickness is much larger than the decay length of SPP over
the dielectric medium SiO2, Eq. (1) is valid for the above
case. Taking t ¼ 40 nm, we calculate the dispersion of the
mode index neff for two inner insulators (air and SiO2) and
two values of Ef (0.3 and 0.6 eV). The real part of neff (i.e.,
real(neff)) is plot in Fig. 2(a). As shown in previous
works,31 with the increase of frequency real(neff) initially
drops quickly and then increases gradually after reaching a
minimum. For a given insulator and a given frequency, a

FIG. 2. (a) Real parts of the effective refractive indexs of SPP modes in
SGAM waveguide and SGSM waveguide as a function of frequency for different Fermi energy levels. (b) Dispersion curves of SPP modes in Bragg
reflector for different values of Ef and P. The widths of air and SiO2 layers
in the Bragg reflector with P ¼ 690 (460) nm are 340 (230) and 350 (230)
nm, respectively, and both the thicknesses of air and SiO2 layers are 40 nm.
The two numbers in each group of numbers in figure present the Fermi
energy level and the period of dielectric grating, respectively. (c)
Transmission spectrum of the Bragg reflector with Ef ¼ 0.6 eV, P ¼ 690 nm,
and period of Bragg cell N ¼ 10.
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lower Fermi energy level corresponds to a larger real(neff).
For the same Fermi energy level and the same frequency,
real(neff) for SiO2 is much greater than that for air, meaning that SPP mode in SiO2-graphene-SiO2-metal (SGSM)
waveguide is tighter than that in SiO2-graphene-air-metal
(SGAM) waveguide.
As the SGSM and SGAM waveguides are alternatively
stacked, a graphene-based plasmonic Bragg reflector is
formed, whose formation is different from that of the plasmonic Bragg reflector in recent works.32 The dispersion relation of SPP mode along the x direction can be calculated by
incorporating effective index into the secular equation33
cosðbx PÞ ¼ cosðba wa Þcosðbs ws Þ


1 nef f s nef f a
sinðba wa Þsinðbs ws Þ;

þ
2 nef f a nef f s

(2)

where bx denotes the propagation constant of SPP mode
along the x direction, wa and ws are the widths of air and
SiO2 layers, respectively, P is the period of Bragg reflector
(P ¼ wa þ ws), and ba(s) and neffa(s) correspond to the propagation constant and effective index of SPP mode in SGAM
(SGSM) waveguide, respectively. Figure 2(b) displays the
dispersion curves of SPP modes for different values of Ef
and P. For the Bragg reflector of P ¼ 690 nm (wa ¼ 340 and
ws ¼ 350 nm), at Ef ¼ 0.3 eV, the dispersion curve has a
bandgap located at the frequency range of [4.50, 5.98] THz.
When Ef increases to 0.6 eV, the bandgap exhibits a
large blue shift ([6.34, 8.47] THz). It suggests that a small
change of Fermi energy level leads to a broad tuning range
of the bandgap. With respect to the Bragg reflector with
P ¼ 460 nm (wa ¼ 230 and ws ¼ 230 nm), its bandgap
changes from [6.44, 8.37] THz to [9.10, 11.84] THz as Ef
increases from 0.3 to 0.6 eV. According to the Bragg condition wareal(neffa) þ wsreal(neffs) ¼ mkb/2 (m is an integer),32
we can obtain the Bragg wavelength kb. For the Bragg reflector with P ¼ 690 nm and Ef ¼ 0.6 eV, the calculated Bragg
wavelength is about 40 lm (corresponding to m ¼ 1), and its
corresponding Bragg frequency (7.5 THz) is just localized in
the bandgap of [6.34, 8.47] THz, confirming the validity of
Eqs. (1) and (2). Using Lumerical FDTD solutions, we also
calcualted the transmission spectrum of Bragg reflector with
P ¼ 690 nm, Ef ¼ 0.6 eV, and period of Bragg cell N ¼ 10, as
shown in Fig. 2(c). One can see that there is a wide stopband
with near-zero transmission around the Bragg frequency of
7.5 THz, which shows a good filtering characteristic and is in
good agreement with the corresponding dispersion curve in
Fig. 2(b).
If the above Bragg reflector with P ¼ 690 nm and
Ef ¼ 0.6 eV is only formed on the right-side output surface of
the illuminated slit (as shown in the inset in Fig. 3(a)), SPP
modes are excited by the slit, and at the Bragg frequency,
constructive SPP interference would occur on the left-side
surface as the condition of phase matching is satisfied,7 suggesting that the device would behave as an efficient source
for unidirectional SPPs. To verify this analysis, we calculated the electric field distribution of jEz j at the Bragg frequency (7.5 THz), as shown in Fig. 3(a). It is clear that the
electric field is highly confined in the space between the
metal film and the graphene sheet due to the large real(neff)

FIG. 3. Electric field profiles of jEz j in the plasmonic coupler based on the
graphene Bragg reflector with Ef ¼ 0.6 eV and  ¼ 7.5 THz (a), Ef ¼ 0.6 eV,
and  ¼ 5.3 THz (b), and Ef ¼ 0.3 eV and  ¼ 5.3 THz (c). The inset in (a)
shows the schematic of the plasmonic coupler. The geometry parameters of
the graphene Bragg reflector are the same as those of the Bragg reflector
with P ¼ 690 nm in Fig. 2(b). The thicknesses of SiO2 grating (tS1), metal
film (tA), SiO2 layer (tS2), and pþSi substrate (tSi) are 40, 50, 400, and
500 nm, respectively, and the width of the metallic slit (w0) is 40 nm. The
incident plane wave with a unitary electric field is incident normally from
the top of the structure. The gray areas and white dashed lines denote the
metal and the graphene sheet, respectively.

of SPP mode. The steady-state optical intensity within the
region x > 1.4 lm is very weak because of the reflection
effect of Bragg reflector. The constructive interference of the
reflected SPP with the one leaving the slit occurs on the leftside output surface, thus most of energy propagates along the
negative direction of the x axis. As emphasized in Ref. 7, the
SPP interference effect is sensitive to the separation between
the slit and the first air trench, so we should choose a suitable
separation for SPP directional coupling. For the frequency of
5.3 THz, which is outside of the bandgap of the Bragg reflector with Ef ¼ 0.6 eV (Fig. 2(b)), we observe that the SPP
wave can propagate in the Bragg reflector (Fig. 3(b)). If the
Fermi energy decreases to 0.3 eV (Fig. 3(c)), the SPP wave
is blocked again by the Bragg reflector because at this time
the frequency is inside the bandgap of the Bragg reflector
(Fig. 2(b)). The phenomenon in Figs. 3(b) and 3(c) indicates
that the SPP mode can be effectively turned on and off by
changing the Fermi energy level of the graphene sheet, and
the proposed structure can be regarded as a optical switch.
We note that, as the Fermi energy levels of the Bragg
reflectors with P ¼ 690 and 460 nm in Fig. 2(c) are set as 0.6
and 0.3 eV, respectively, the dispersion curves of the two
Bragg reflectors have almost the same bandgap. If the Fermi
energy levels of the two Bragg reflectors change to be 0.3
and 0.6 eV, respectively, their bandgaps don’t overlap with
the respective previous bandgap. The bandgap features of
Bragg reflectors can be used to realize bidirectional coupling
for SPP waves. We introduce the two graphene Bragg reflectors into a metallic slit structure (as shown in Fig. 1), and calculated the field profiles of jEz j at  ¼ 7:5 THz for different
Fermi energy levels (as shown in Fig. 4). As the Fermi
energy is 0.3 eV, most of energy is guided towards the rightside Bragg reflector. The peak intensity within the region
from 0 to 8 lm is 10 to 210 times that of the incident light,
while the steady-state optical intensity on the left-hand side
surface is relatively weak (x < 1.6 lm). As the Fermi
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FIG. 4. Electric field profiles of jEz j in the graphene-based plasmonic coupler for Ef ¼ 0.3 eV (a) and Ef ¼ 0.6 eV (b). The inset in (a) shows the schematic of the plasmonic coupler. The frequency of the incident light is 7.5
THz. wal, wsl, Pl, dl, war, wsr, Pr, and dr are taken to be 230, 230, 460, 585,
340, 350, 690, and 880 nm, respectively. The other structural parameters are
the same as those in Fig. 3.

energy increases to 0.6 eV, most of the energy propagates
towards the left-side Bragg reflector. Simulation results
show that the proposed structure is capable of splitting SPPs
into two Bragg reflectors, and the direction of SPPs is under
active control.
Besides the Fermi energy level of graphene, the THz
SPP waves in our proposed structure can also be tuned by
changing the geometrical and material parameters (such as
the widths, thicknesses and dielectric constants of constituent
layers of dielectric grating), since the bandgap position of
Bragg reflector is dependent on the parameters. However, it
is worth noting that such SPP tuning is passive. Compared to
the previous plasmonic directional couplers,4–11 our
graphene-based structure has an appealing advantage: active
tunability of SPP waves via electrostatic gating. In addition,
the SPP waves in the previous plasmonic directional couplers propagate along the dielectric-metal interface; at THz
frequency, they have a large spatial extent in the dielectric
medium.4 While in our structure, the THz SPP modes supported by graphene are confined down to volumes that are
far smaller than plasmons in noble metals. At the same time,
the THz SPP modes are mainly guided in the space between
graphene sheet and metal film. Therefore, the SPP confinement is largely improved in comparison with that in the
previous plasmonic directional couplers. Recently, it has
been reported that ferroelectric-gated graphene can achieve
nanometer order confinement of THz SPPs due to the strong
coupling between the plasmons in graphene and the phononpolaritons in ferroelectrics, at low-THz frequencies the
modal wavelength and confining length of surface plasmonphonon-polaritons are only about 100–200 and 10–20 nm,
respectively.34 In our proposed structure, the modal wavelengths (2p/Re[bx]) of SPPs in the right-hand Bragg reflector
in Fig. 4(a) and the left-hand Bragg reflector in Fig. 4(b) are
about 2.8 and 1.3 lm, respectively. The confining lengths
(1/Re[c1]) of SPPs over the outer insulator SiO2 in Figs. 4(a)
and 4(b) are about 110–200 and 170–300 nm, respectively.
The above data indicate that the SPP confinement in our proposed structure is not high in comparison with that in
ferroelectrics-gated graphene. In this paper, we do not discuss the effect of superstrate and filing dielectric in metal slit
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on the plasmon directional coupling. If a dielectric medium
is present on the metal film and in the slit, similar phenomena mentioned above can also be observed. Experimentally,
our considered structures can be prepared by the following
procedures: a CVD-grown graphene is transferred onto a
SiO2/pþSi substrate. On the other hand, a Ag film is deposited on a dielectric substrate (such as SiO2) by atomic layer
deposition (ALD), a nanoslit is fabricated in the Ag film by
using ion beam lithography, then the Ag film is covered by a
SiO2 layer using ALD, and SiO2 gratings are formed by electron beam lithography. Finally, the structure of SiO2 gratingAg film is turned over and is transferred on top of the graphene sheet.
In summary, we have presented and investigated
numerically a terahertz tunable directional plasmonic coupler, where SiO2 grating on top of a graphene-SiO2–pþSi
substrate is covered by a Ag film with a nanoscale slit. The
metal film-dielectric grating-graphene-dielectric forms a
plasmonic Bragg reflector. By introducing a graphene-based
Bragg reflector to one side of the output surface of a metallic
nanoslit, the SPP waves directionally propagate along the
other side of the slit due to SPP constructive interference, so
the structure can be used as a unidirectional coupler. The
structure has also the function of switching the SPP in Bragg
reflector since the Bragg reflector’s bandgap can be tuned by
changing the Fermi energy level of graphene. As two optimized graphene-based Bragg reflectors are placed on opposite sides of the slit, the SPP waves can be guided to
different reflectors by adjusting the Fermi energy level; at
this time, the structure is regarded as a bidirectional plasmonic coupler (or splitter). We put forward a scheme of controlling the propagation direction of SPP modes excited by a
metallic nanoslit, and our proposed structures have potential
applications in building active plasmonic photonic circuits.
The authors acknowledge J. Torley and D. Zhou for
critical reading of the manuscript. This work was supported
by the National Natural Science Foundation of China (Grant
Nos. 11174372 and 11264021), the State Key Program for
Basic Research of China (Grant No. 2013CB632705), and
the Youth Foundation of Hunan Provincial Education
Department, China (Grant No. 11B134).
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