IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Graphene-based mid-infrared, tunable, electrically controlled plasmonic filter

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2014 Appl. Phys. Express 7 024301
(http://iopscience.iop.org/1882-0786/7/2/024301)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 116.7.245.186
This content was downloaded on 23/11/2016 at 03:26

Please note that terms and conditions apply.

You may also be interested in:

Controlling mid-infrared surface plasmon polaritons in the parallel graphene pair
Hong-Ju Li, Ling-Ling Wang, Bin Sun et al.

Tunable plasmonic Bragg reflector with different graphene nanoribbon widths
Huawei Zhuang, Fanmin Kong, Kang Li et al.

Mid-infrared, plasmonic switches and directional couplers induced by graphene sheets coupling
system
Hongju Li, Lingling Wang, Zhenrong Huang et al.

A mid-infrared fast-tunable graphene ring resonator based on guided-plasmonic wave resonance on
curved graphene surface
Zhen-Rong Huang, Ling-Ling Wang, Bin Sun et al.

Simulations of multi-functional optical devices based on a sharp 90degree bending graphene parallel
pair
Hong-Ju Li, Ling-Ling Wang, Zhen-Rong Huang et al.

Realizing controlled plasmonically induced reflection in metal—insulator—-metal plasmonic
waveguide-resonator coupling systems
Hong-Ju Li, Xiang Zhai and Ling-Ling Wang



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/article/10.7567/APEX.7.125101
http://iopscience.iop.org/article/10.7567/JJAP.54.095101
http://iopscience.iop.org/article/10.1209/0295-5075/104/37001
http://iopscience.iop.org/article/10.1209/0295-5075/104/37001
http://iopscience.iop.org/article/10.1088/2040-8978/16/10/105004
http://iopscience.iop.org/article/10.1088/2040-8978/16/10/105004
http://iopscience.iop.org/article/10.1088/2040-8978/16/1/015004
http://iopscience.iop.org/article/10.1088/2040-8978/16/1/015004
http://iopscience.iop.org/article/10.7567/APEX.8.092201
http://iopscience.iop.org/article/10.7567/APEX.8.092201
http://iopscience.iop.org/1882-0786/7/2
http://iopscience.iop.org/1882-0786
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

Applied Physics Express 7, 024301 (2014)

http://dx.doi.org/10.7567/APEX.7.024301

Graphene-based mid-infrared, tunable, electrically controlled plasmonic filter

Hong-Ju Li', Ling-Ling Wang'™, Han Zhang?, Zhen-Rong Huang', Bin Sun', Xiang Zhai', and Shuang-Chun Wen?

1School of Physics and Microelectronics and Key Laboratory for Micro—-Nano Physics and Technology of Hunan Province,

Hunan University, Changsha 410082, China

2Key Laboratory for Micro-/Nano-Optoelectronic Devices of Ministry of Education, College of Physics and Microelectronic Science,

Hunan University, Changsha 410082, P. R. China
E-mail: llwang @hnu.edu.cn

Received November 29, 2013; accepted December 17, 2013; published online January 8, 2014

A planar plasmonic filter consisting of two graphene ribbons coupled by a graphene ring is constructed on monolayer graphene and investigated
using the finite-difference time-domain method. The simulation results reveal that the edge modes indeed enhance the electromagnetic coupling
between objects. The structure exhibits perfect band-pass filtering effect tuning and is optimized by means of the gate voltage. The simulation
results are confirmed by the resonance theory of the ring. This structure is a real electrically controlled filter operating in the mid-infrared region.
Our studies support the fabrication of ultracompact planar devices for optical processing. © 2014 The Japan Society of Applied Physics

urface plasmon polaritons (SPPs)," the coupling

between the collective excitation of free electrons in

a metal and electromagnetic waves, propagate along
the metal—dielectric interface. Because they can overcome
the traditional diffraction limit and engineer light, surface
plasmons in noble metals have been widely studied in past
decades.>® For example, optical amplifiers,” slow wave-
guides,” and reflectors,” have been reported in detail.
However, the performance of metals is hampered because
of the difficulty in varying and controlling their permittivity
functions and the existence of material losses. Thus, the
functionality of some metallic plasmonic devices is extremely
constrained, especially in the infrared region. Because of
these drawbacks, graphene,”'”) a promising material for
new-generation nanoplasmonic devices, has become notably
popular because of its remarkable optical properties, includ-
ing extreme confinement, advantageous tunability, and low
losses.!" In particular, its gate-voltage-dependent optical
properties,'>!'¥) which were verified theoretically and exper-
imentally, are emerging as a possible platform for electrically
controlled plasmonic devices. Because the complex con-
ductivity of graphene depends on the chemical potential, and
the chemical potential can be controlled by the gate voltage,
electric field, magnetic field, and chemical doping, we can
create certain desired conductivity patterns on a single flake
of graphene by using different values of the gate voltage
at different locations. The corresponding waveguide devices
have been achieved on monolayer graphene.'*'>) On the
basis of the gate-voltage-dependent properties, optical
splitters,'®) spatial switches,!” and ultracompact Mach—
Zehnder interferometers'® have also been designed and
exhibit better tunability than devices consisting of noble
metals. In addition, the other recent research focus is the
study of the SPP modes supported by graphene ribbons.'*->?)
Remarkably, significant edge modes®' ¥ in which the field
is concentrated on the rims of graphene ribbons have been
comprehensively reported; in particular, they may enhance
the electromagnetic (EM) coupling between objects.
Hence, they will play a significant role in planar integrated
circuits.

Considering the two noteworthy facts mentioned above,
we are impressed to find that it is feasible to create the desired
planar plasmonic devices on a single flake of graphene.
Hence, we propose an original planar filter consisting of two
graphene nanoribbons coupled by a graphene ring.?** It can
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be constructed on monolayer graphene by means of a split
gate device that applies different bias voltages to different
locations. We numerically investigate this structure using the
finite-difference time-domain (FDTD) method.

The simulation results reveal that the edge modes can
indeed enhance the EM coupling between objects, and the
structure exhibits a perfect band-pass filtering effect. The size
of the graphene ring is changed by varying the locations of
the gate voltages on a single flake of graphene to tune the
transmission spectrum. The FDTD results are verified by the
resonance theory of the ring. By applying the same principle,
the transmission spectrum is also optimized by changing the
coupling length. Thus, using only the gate voltage, the
transmission spectrum can be modified dynamically, and this
method of realizing tunability is preferable to fabricating a
new structure, which would be required for metallic devices.
The proposed structure is a real electrically controlled
plasmonic filter operating in the mid-infrared region. Our
studies will play a substantial role in the fabrication of
ultracompact, versatile planar devices in nano-integrated
circuits for optical processing.

First, the characteristics of the SPP modes propagating
along a graphene nanoribbon embedded in air were inves-
tigated numerically using the FDTD method with a perfectly
matched layer absorbing boundary conditions. In inset (a) of
Fig. 1, a graphene nanoribbon with a narrow width W and
length L (in the x-direction) is modeled as an ultrathin film
with a thickness of A = 1 nm (in the z-direction). The surface
conductivity (og) of graphene is governed by the Kubo
formula,’® which depends on the momentum relaxation time
7, temperature 7, chemical potential ., and incident wave-
length A (frequency w). At room temperature, the Kubo
equation is reduced to'®

i€’
T e+ ity
where the intraband transition dominates. The equivalent
permittivity of graphene is calculated by the equation
geq = 1 + iogno/(koA), where ng (A 377) is the intrinsic
impedance of air, and ky = 27r/A. A single graphene ribbon is
well known to support two types of SPP modes: waveguide
modes, in which the field is concentrated along the entire areca
of the ribbon (in the y-direction), and edge modes, in which
the field is concentrated on the rims of the ribbon. Unlike the
waveguide modes, which are used mainly for information

© 2014 The Japan Society of Applied Physics
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Fig. 1. Effective refractive indices of the SPP modes supported by a
freestanding graphene ribbon as a function of incident wavelength A. Inset (a)
show graphene ribbon with # = 20nm and L = 300 nm; inset (b) shows the
field (|E]?) distributions of the SPPs related to the y—z cross section of the
graphene ribbons at 2 = 10 pm.

transmission, the edge modes may be more conducive to EM
coupling between objects.??)

However, the number of SPP modes supported by the
nanoribbon increases as the ribbon width increases. When the
width is ultrathin, for example, only dozens of nanometers,
the ribbon supports only the fundamental edge modes in the
mid-infrared region. As shown in inset (a) of Fig. 1, where
the microscopic details at the edges of the graphene ribbon
are ignored, the width # and length L are assumed to be 20
and 300 nm, respectively. The other material parameters of ©
and p., which directly affect the surface conductivity of
graphene, are set to 0.5ps and 0.3 eV, respectively. SPP
waves are excited by a dipole point source placed 2 nm above
the ribbon in the z-direction and have the form E.,, =
E, ) exp(ik(w)x — iwt) where k() is the wave vector in the
propagation direction x. The corresponding effective refrac-
tive indices calculated by n.y= Re[k(w)]/ky are also
illustrated in Fig. 1. At the same time, the contour profiles
of |E? in the y—z cross section clearly reveal that most of
the field energy is indeed concentrated on the rims of the
graphene ribbon, as shown in inset (b), where the incident
wavelength A is 10 pm. Therefore, the ultranarrow graphene
ribbon with W =20nm supports only the fundamental
edge modes. The results are in accordance with the above
theoretical analysis.

Because the ultranarrow graphene ribbon supports only the
edge mode, which may facilitate EM coupling between
objects, we made full use of this feature to fabricate a filter
structure of two graphene nanoribbons coupled by a graphene
ring resonator. It can also be designed on monolayer
graphene by means of a split gate device that applies
different bias voltages to different locations to create non-
uniform conductivity patterns. As displayed in Fig. 2, only
the red zones with the gate voltage value V, are capable of
supporting SPPs, and the other zones, with V7, behave as
dielectrics and do not support SPPs. In Fig. 2, the length of
the graphene waveguide is L and the width is ¥, which is the
same as the width of the graphene ring. The outer radius of
the ring resonator is R, and the coupling length between the
waveguides and the ring resonator is d. Certainly, in addition
to using a split gate device to apply different bias voltages to
different locations, other ways of realizing inhomogeneous
conductivity patterns across a single graphene layer have also
been used, including an uneven ground plane holding the
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Fig. 2. Schematic diagram of the planar band-pass filter structure
consisting of two graphene waveguides coupled by a graphene ring
resonator, which is constructed on monolayer graphene in which only the red
areas with the gate voltage value ¥ support SPPs, and the others do not.

monolayer graphene and a non-uniform permittivity distri-
bution underneath the graphene sheet.'¥

The proposed structure is investigated using the FDTD
method. For simplicity, our calculations consider graphene
ribbons coupled by a graphene ring embedded in air. In the
implementation, we use a non-uniform mesh. The minimum
mesh size inside the graphene layer equals 0.1nm and
gradually increases outside the graphene sheet to reduce the
storage space and computational time. Similarly, one dipole
point source placed 2nm above the left ribbon is used to
excite the SPP waves. Monitors are placed at points P, and P,
to detect the incident power Pj, and transmitted power Poy.
The transmission is defined as 7 = P, /P;,. The material
parameters are unchanged, and the structural parameters
of L, W, d, and R, are assumed to be 300, 20, 5, and 45 nm,
respectively. The simulation results corresponding to differ-
ent incident wavelengths are presented in Fig. 3.

Considering this structure, it is well known that the SPPs
excited in the left graphene waveguide will travel clockwise
and anticlockwise simultaneously in the ring and be trans-
mitted from the right waveguide. Only those incident
wavelengths satisfying the resonance condition of the ring
can be transported efficiently, whereas others are stopped.
Therefore, in Fig. 3(a), two pronounced transmission peaks
corresponding to wavelengths of 4 =7.8um and 6.2 um
appear in the transmission spectrum, exhibiting an obvious
band-pass filtering effect in the mid-infrared region. More-
over, Figs. 3(b) and 3(c) display the contour profiles of
the field H, of the filter structure at incident wavelengths
of 1=7.8 and 6.2 um, respectively, which are related to
the transmission peaks shown in Fig. 3(a). Clearly, a second-
order resonance is formed in the graphene ring resonator at
A ="7.8 um, and a third-order resonance is formed at 1 = 6.2
pm. The edge modes propagate along the graphene ribbon
perfectly and indeed enhance the EM coupling between the
waveguides and the ring.

Next, we investigated the influence of the graphene ring’s
outer radius on the wavelengths of the transmission peaks.
On the same principle as that shown in Fig. 2, we can vary
the locations with the gate voltage value V; to change the size
of the ring, which is unlike the conventional method of fabri-
cating a new structure. The simulation results are presented in
Fig. 4(a). The transmission spectra plotted in black, blue, red,
and green lines correspond to graphene rings with outer radii
of 45, 50, 55, and 60 nm, respectively. A comparison of the
curves in Fig. 4(a) shows that the transmission peaks with the
same order tend to exhibit a redshift as the outer radius

© 2014 The Japan Society of Applied Physics
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Fig. 3. (a) Transmission spectrum of proposed structure. Contour profiles
of field H. of the filter structure at different incident wavelengths of
(b) A=7.8um and (c) A = 6.2 um.

increases, and the entire transmission spectrum exhibits
obvious tunability. The relationship between the wavelengths
of the transmission peaks and the outer radii is related to the
resonance equation of the ring,?”

Ju(kR)  N.(kR) 0
Jikr)y  Nikr) —

where k = ky - ne, and nggr is the effective refraction index
(ERI) of the graphene ring; » = R — W is the inner radius of
the ring resonator. J;, is the derivative of the Bessel function
of the first kind with order n, and N, is the derivation of the
Bessel function of the second kind with order n. The second-
and third-order resonance modes, i.e., modes 2 and 3,
correspond to the second- and third-order Bessel and Hankel
functions, respectively. According to this equation, as the
outer radius increases, the resonance wavelengths indeed tend
to exhibit a redshift. The theoretical results are in agreement
with the FDTD results shown in Fig. 4(b). In Fig. 4(b), only
a slight difference appears between the theoretical and FDTD
results because the ERI is assumed to be the same in the
entire ring. In fact, the ERI in the coupled areas differs from
that in the other areas of the ring because the coupling length
is finite. Thus, the transmission spectrum can be tuned
dynamically on a single flake of graphene by varying the
locations with the gate voltage V, to change the size of the
ring. An electrically controlled plasmonic device is achieved,
and this simpler method is preferable for realizing tunability
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Fig. 4. (a) Transmission spectra for different outer radii of the graphene
rings. (b) Wavelengths of the transmission peaks as a function of the outer
radius of the graphene ring.

instead of directly fabricating a new structure, as would be
needed for metallic devices.

Finally, we modified the transmission spectrum by tuning
the coupling length d. In Fig. 2, the locations with the gate
voltage 7, on the ring are unchanged, and the locations on
the two graphene waveguides are varied to tune d. The
simulation results are presented in Fig. 5, where R is constant
at 45nm. In Fig. 5(a), the coupling length clearly has little
effect on the wavelengths of the transmission peaks because
the resonance wavelengths are unrelated to the coupling
length according to the above resonance equation. As the
coupling length increases, the full width at half-maximum
(FWHM) of the transmission spectra decreases, as shown in
Fig. 5(b), which shows the dependence of the FWHM of
mode 2 on the coupling length. At the same time, because
the coupling losses increase with increasing coupling length,
the maximum transmission decreases gradually, and the
height difference (HD) of the transmission peak is changed
correspondingly, as shown in Fig. 5(b). Thus, the coupling
length affects the quality of the transmission peaks. However,
it is better to obtain transmission peaks with a smaller
FWHM and larger HD. Among the five curves in Fig. 5(a),
the transmission spectrum with d=9nm is optimal.
Certainly, we can also optimize the transmission spectrum
to meet different needs by engineering the locations of the

© 2014 The Japan Society of Applied Physics
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Fig. 5. (a) Transmission spectra for different coupling lengths with same

outer radius. (b) Dependence of FWHM and HD of mode 2 on coupling
length d.

gate voltage to change the coupling length. This will be more
convenient in practical applications.

In conclusion, a planar plasmonic filter consisting of two
graphene ribbons coupled by a graphene ring was proposed
and investigated numerically using the FDTD method. It can
also be constructed on monolayer graphene using a split gate
device to apply different bias voltages to different locations.
Simulation results reveal that the edge modes supported by
the graphene nanoribbons indeed enhanced the EM coupling
between objects, and the structure exhibited a perfect band-
pass filtering effect. The size of the ring is changed by
varying the locations of the gate voltages to tune the trans-
mission spectrum. The FDTD results are verified by the
resonance theory of the ring. According to the same principle,
the transmission spectrum is also optimized by changing the
coupling length. This gate voltage method of tunability is
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preferable to that used in conventional metallic devices,
and the proposed structure is a real electrically controlled
plasmonic filter operating in the mid-infrared region. Our
studies will play a significant role in the fabrication of
ultracompact planar devices for optical processing.
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